aa om 
Vn pom in Nw se Laon | 
Ne ay iv ed 


pi erie anoint 
atrethibn bu Gn hol pone Rcie fel res 
ibe erage heel 


Meee 
whawyedinisive lesiconae pret raed 


shel tole, 


Amiens’ 
= 


eg sal ltert eles berate, 


Leabelbaune 


Ex AIBRIS 
UNINERSUCACIS 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https ://archive.org/details/Duysens 1976 


Te PUR ES aie SONY 08° Weed IA 


RELEASE FORM 


NAME OF AUTHOR JACQUES E. DUYSENS 


eweocerewre eee eee we ee ewe ew ee ew ee eee eel hl hl eh oe hh ew ee ew ee ee ee ee ew 
@ 0 © @€ 6 © © 6 0 © @ © © © (0 © @ @¢ © 6 © © we 6 © 4 © 8 8 8 8 8 8 8 6 6 ee 6 8 8 te le 8 8 8 8 
oe eee ewe ee ee eo we ew Be ee ee ee ee ee 


YEAR THIS DEGREE GRANTED 1976 


ee 


Permission 1s hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this thesis 
and to lend or sell such copies for private, scholarly, 
or scientific research purposes only. 

The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may be 
printed or otherwise reproduced without the author's 


written permission. 


peers coe “13 nes: , : . v 
aver aval 


Oye cs Hecieeme eae e’ 1. S/S 8 Pd ww» Eds ew 8 See 


iho! a 


Vine UPN e Oe VecE Rss sla e Ye Oh Ps SATA Re Ta 


REFLEX CONTROL OF CAT WALKING 


by 


JACQUES E. DUYSENS 


Ay MESES 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 
OF DOCTOR OF PHILOSOPHY 
IN 


Pit SUGEOGY 
DEPARTMENT OF PHYSIOLOGY 


EDMONTON, ALBERTA 


FALLS 1976 


we 7 i hie , 
= Z ‘ 7” ; wy : 
he a at, | 
i oy a) hey en 
inca 


ee 


2123HT A é a. 
: HOMATZIA CMA ZPLLUTS aTAUOASA WO YTJUOAT JHT OT aaTTIMaUe : a | 
: #99990 ANT GOI VWAMIATUOIT HT 20 THINITAIUA IALPANG M1 | ae 

YAIOZO ITH AO Al(.00 AO Fs | 
Whe 


| yoo 1012¥HS 


YaOIOLVvHG 40 THSMTRAIIG 


TONE USN Sieh s ide ey ACr i: SAL BE OR Th 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and recommend 
to the Faculty of Graduate Studies and Research, for acceptance, 


a thesis entitled Reflex Control of Cat Walking submitted by 


for the degree of Doctor of Philosophy in Physiology. 


Dhamoss bus ,beat syst Yors teas pitas eae 
yaonbideas 10 .dowgere! bas aes fear seed ond ey 7 a 


yd bass racine ie aoe yy ee bel Pipi a 


; ——— ~s 
5 


There are certain things in Nature tn which 
beauty and utility, artistic and technical 
perfection, combine in some cncomprehensrble 
way: the web of a spider, the wing of a 
dragon-fly, the superbly streamlined body of 
the porpotse, and the movements of a cat. 
These Last coukd not be Lovlier even had they 
been designed by a preternaturally gifted 
dancer striving 401 choreographic grace, nor 
could they be mone practical even under the 
tuition of that best of all 'coaches' - the 
struggle for extstence. And 4t 45 almost as 
though the animal were aware of the beauty 
of 4ts movements, for 4t appears to deltght 
An them and to perform them for the sake of 
their own perfection. 


Kontad Lorenz 


ABSTRACT 


The central motor program for walking is continuously under 
the influence of afferent input from receptors in the skin, muscles 
and joints activated during the walking movements. The way this 
afferent input reflexly modulates the step cycle of the single limb 
was investigated by activating these afferents during stepping and 
studying the induced changes in the EMG bursts or the joint angle 
excursions of either mesencephalic, premammillary or normal walking 
Cats. 

It was found that the reflex initiation of the swing phase does 
not only depend on a threshold hip extension, but rather is determined 
by reflexes from pad and foot receptors and from extensor muscles. 
Stimulation of the skin and muscle receptors either by natural 
stimulation methods (triceps surae stretch, vibration, evoked 
contractions) or electrical stimulation (weak shocks given to the skin 
of the distal hindlimb or to the nerves innervating this area) had a 
very potent inhibitory effect on the central system responsible for 
the generation of flexion during the swing phase (the flexor "half- 
center"). This suggests that initiation of flexion is inhibited by 
activity in skin and muscle afferents which are normally active when 
the limb is supporting the animal during stance, hence preventing the 
limb from flexing as long as the limb is loaded. 

Termination of the swing phase is also likely to be under 
reflex control. Weak stimulation of the tibial nerve at the end of the 


flexion phase was found to shorten the period of flexion and to initiate 
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a premature onset of extension in premammillary cats. It was suggested 
that this reflex effect, presumably linked to activation of large 
afferents from the pad, forms the locomotory counterpart of the 
Hering-Breuer reflex, Known to play a role in the termination of the 
inspiration phase. Further skin or skin-nerve stimulation experiments 
in the premammillary and normal cat revealed the existence of a second 
type of reflex response at the end of the flexion phase, this time, 
however, leading to a prolongation and exaggeration of the flexion 
movement. It was suggested that this response was related to the 
withdrawal reflex. During the stance, the evokation of exteroceptive 
extensor reflexes was found to increase the extensor activity, indicating 
that extensor reflexes may play a role in the maintenance of extension 
during the stance. 

In conclusion, reflexes from exteroceptive and proprioceptive 
origin seem to fulfill two basic functions during cat locomotion: 
(i) intensify the ongoing activity in a particular phase, and 


(ii) determine the switching from one phase to another. 


vi 


“aguot #0 pas ot dies Sere 

ay Yo emotion Voi oWOdOr Lin ele 
adit Me nansaninetes BUN AP Tors ethos quonlh: oie CtoN ssidegntaH 
ainantraexs notsetunide svvon-ntAe 10 nite wade donigenotdantqent 
biiovse 6 Yo santerxe ont bofsavav S80) Tanto’ bite scree | 
pants. etd is2nrky notxal® ont’ to: bre OAs Je genodes4 ‘xoftoy To squt | 7 
norraltod) Yo notisisppsxs bus noisqpnotond 5 od prtbeo! yevewart * 
oii) oF betsler 2ow oznoqzet 2iay feny bydeappye 26w FT _Inomevon ; 


aviiqaooisiys to pofistova sit <sangte and patra .xotter Tawovbddiw iv 
pnisosibnt .whivisos voensdx9 std g2no71ont od bauol enw eaxeltot yo2nssIKS 


dotenotxo to. sonensintsm edd at sfo1 6 yelq Yam 2oxstte7 xoznotxe teat 
sonpt2 Set em -_ 
avitqsjofiqatg bis sviiqssq1stxa mont zoxaftort -nofawtaros mam! = 
:nottanos0f Jeo pataub enoftonut steed ow Preto? os masa ‘atprye : 

bné .9eadg WSluotIisq 6 At Ytviioe pitopno afd ytrensont (7) 
tadtons of o254q Sno mort onfdatiwe oft snimiedsh (Ft) y 


BL iite 
vio 


ACKNOWLEDGEMENTS 


I would like to take this opportunity to accuse the 
following persons for the following offenses, all punishable with 
many, many years of my gratitude: 

Dr. K.G. Pearson, for having addicted me to the study of 
locomotion, and for having provided me with everything possible to 
allow the continuation of my addiction. 

Dr. R.B. Stein, for his most abundant supply of computer 
programs, neural cuffs, constructive criticism and both moral and 


personal help. 


Mre ih barryeetor COncinuoUs- provision oT Skill and Wit, 
infallible for keeping these spirits high ("said the lady to the 


archbishop"). 


Dr. M. Schachter, for having taught me so much about the 


virtues of independence. 

Dr. R. Nichols, for many great discussions on the "Jumber" 
cord (Nichols, personal communication). 

Ms. O. White, who's fault it is that there are so few typing 


errors in this .thesis. 


Mr. F. Loeffler and Mr. K. Burt, who are guilty of having 


prepared the excellent pictures for this thesis. 


Last,. but not least, Dr. F. Beckers, for having patiently 
tolerated the devastating long-term personality changes induced by 


Short-term thesis writing. 


Vall 


soba BiGiahe te ais 6! att bone pide 
AotW afdadeting: ((s «zo2nsTto pniwaitot aif 70% znoevay enibwat tet 
reby)j say Nm YO 2 185% (GN a iem 
Fo Xbulz afa,.od. an) bayaThbs piitved vet 024699 BM 
ot afdteung eardaviava ddiw om habiveyy entven 10% bre cnt somogor 
ora Fbbs Yn Yo not feunisnda sit wOrhs 
yasuqnos to Yiqgue Insbouds Jeon efd vot rage Ban A. on Ga ae 
bas ferom fiod bos metotsi-io svtioueqnos .aTtvo Fequgn . am167R019 
.diw bas Thhi2 %o notetvoyq eucunitnos wot yes .T 2M as : 7 
én} of ybsf and bise”) nore pai geod patqgod tov atdtt tata . : 
7 
« 


adj tuode foun oe om sidpyst patved yot .Vedrdosioe Mo iM 
-sonabnsqabni Yo andthe 
"vodmut" oft no enofeeudetb tesxp yaom Yot sefodaih A snd an - 
.(nofisotnuninoo I snazyeq e2foroth) baop 
pnigqui wot o2. 9% syodt edt at Jf tfust e'onw vassal 20 22M | : 
-2taodd 2tds nt ever: a 
enived to ytTiup ov odw eal > 2 <ntt bi, xe{ttaod 7 .4M 
s2ieart rid yo, zowraty tastfeoxs oat bevagong 
ylanats sq woniven not, yevalos ark od etee9f ton Jud 426) 
i herbit eet od enoen aq. anvot-not aedaaal od 


TABLE OF CONTENTS 


Chapter Page 
} INTRODUCTION Age electrodes. 1 
1.1) Neural Control onmmconetnon i eee 2 
1.1.1) The sivgieiinmieesciveror oe ........ 3 e 

V1.2 Coupling metweenrestiidaterstion = 3 

1S >) SUpTesp inalmoen Verse 28 2 3 

1.2 The Role of Affenent InputanMiocometion .. 3 

2 THE ROLE OF CUTANEOUS AFFERENTS IN LOCOMOTION 6 
onl) Satroductione py POseer ee Ramee IEC Oe 8 6 
2.2 Preparationstancaernodsem mes Serre 8 
2.22) Prepared ionSaieies suree Oke ets ees) oF 8 

A. (lesencepneticecatel The WerUcture i oe fw 9 

Be Prement| LanyecetSerpss.) ee - oe  e eee r re 2 

Come Guia Med > aemaieesa wee aman Sn rere ota | 13 

Pia?) ier NOR OR SUR AR Ae a A> Aeee AMO A Sc fc ons b SWE 6 svc 14 

A. Surgery (acute experiments) == 14 

Be SO Cauca UOl Aen ee Sn aes ee Otor une Gott 5 16 

ES eRCCOCUING) a.) Sew Vole! See 0 aed a 18 

Dies eVataeeacaly SiS: 0a he ihe ot Rates eke bela ae fae i) 

pC 131i ye ea ee ek ee eR 24 
CEO WO VCINS ETMULOe Ole f00 vier WRN dees are te a) Va wae: 24 

Ree dita asl raCesOi Ie COL. Wy) ane) eee le mae 24 

DPN Ue eee MRIe aan ween sete ney ten ny un ow ey ae 3] 

CS) ie Weer SS CsUN Ucn Maen tee no Be ee eee ks 3] 

(2B GStVOnUR Stitt mum tt. OMe eae Foe eeu 33 


Vol 


t - 
7 7 7 5 


S_ 


J 
Sones Hane ee one eee — om eo =< 


De eee “ero 5e0 ante 7 s 
€ sot Th Seo esta rita 61 


rte od a en oe oe teed 


3 __atainae fT cng ef, + 


~ a ee ee 


ra porsomovo wt auqal 0ayetTA Yo" ston ont 


one ia ae ee eee Te 


ah yA WOYTOMOIOS ME 2THARATAA 2uneaMATUO 40 3.08 3H 
. notsouborsinT fae’ 


ee 


A hep ee ee ee Oe zhodsoM bos enotserngens ae 
er Fe i See 2a ALS enotte1sqo1d 1.8.8 a 
Or Orr. ee Fee eden atlerdqoansesh A ee a : 
Mit  apea 4 DGSaeae eee wis EE Fausto a “a 
| i ee ALY S ateo Temi. .2 \ 
ee ta 0 ¢ amg -..---. seborteM S88 “va, 
Bie Se) Xe Ld Tee ( Ssrrainf 199" atuas) yropiwe = .A a 
Opec cent cece NOHO | : Vee 
Bok ae ee ee ant byvo098 : . J 
WO SRL Ee Pe steatede sted 0 a: 
A ee eae oe oe ee ae 
tent tee nanan HORST abate ree 
aera ae a Yo spate 1619819 A 
eee 


pales mite oe non sore tated ae Sail a 


) 
+ 


- — ‘ J ee 4 rH * si 


Chapter Page 
2a Nepwemsmimubaition sal Seeewnt inn... ..... 33 
roo e Lege einwnretenie afi ferme 8 oh 
Casita neem sy et eT 36 
fajptleak stimulation 36 
(boreRStrongtsiimuiamon sis 4] 
(2) Soi bralenenveneet A 5 ow eh cde es 45 
(a) Weakstimilation ©. 3) 14s 
(Dye eStrongestimuration = » 2 52 
(3) eePesteriaritibial ‘nerve. 53 
(4) Common peroneal nerve 55 
(5) Cutaneous surae lateralis nerve __- 98 

(6) Flexibility in the structure of the 
SUCIRGVC Clty Ae e soae le te tees ea yn 60 
Boe ecu lg ele LCOGC Sr igi sal y sh: ane etre ae 60 
(jae ACULEReXDeraneNUsane ne setae es ce ee 62 
(2j¢yGhronie expentnents or seleece sheas.__ 65 
(a) Posterior tibial nerve 65 
GijyaSingle,pulises. 68 
(D)gestgabemerves. 9) 8 68 
(e)enConmonveeroneal nerve 7] 
24 (DISCUSSION #2) . Enranic! exneriments ©... 22 Se 8) 74 
Qa4elieethe extensor retlex and the extension phase 4 74 
2.42 Ret hexmnodulattonnofothentlexion phase... 3 77 
Peeeshortening of chest lexton phase. 6 954 78 
BaperhroLongatiom of the Tlexion phase | | 4 80 


aX 


we halaman clad ee -—eere = 


ot ¥ ‘ 
ot NE A oe aS a 


Sans kok teres ee i mee 
Se eee eo nordahweise $60 (5) 
TP! nian iva te pnowe ~(d) 
eae ee ee es syion Terdty (8). a 
GB eae OTS hunt se Aca (6) 7 y 
Roeeeid (. pene at notisfunite pnowe (d). —s ao 
earn fnid ht sotvateod . (£) => 40 
de. S80 Teanovag, Aouad (8) » 


Ses PP aviait er lsxotet ose euosapiod (4) 
ois to swsovile ond ni vatlidtxsta (3) | 
0a afova gaye all 


hk ee ee OE SF ee te ee i ne ee Oe oe 


= 2 aan ae is ems asborjaats tind 8 

SGr! 19s. 1 oe > Ae ednaminoqxs euoh (fT) | | 
2 2 ineminagxs otnoid) (5) : i. 
ia te ee avian Istdis torrat209 (6) - 
:* ee ee. a: eazfuq atpnte (fF) 

a ws. Oe eviion Tenue (4) 7 
nani oven fsonor9q teadhaay ) | 


a ak 


Chapter 


2.4.3 The flexor reflex and locomotion 


2.4.4 Model of central connections of large 
cutaneous afferents 


2.4.5 The "all-or-none" flexor burst; similarities 


with the respiratory system 


3 THE ROLE OF MUSCLE AFFERENTS IN LOCOMOTION 


3.1 Introduction 


3.2 Methods 


3.3. ReSuITS 


3. 32 IPP Dorsal? react recording 


3.3.2 Natural stimulation 


A. 


S.4 DIScussion 


AY) Introduction 


All-or-none disappearance of flexor burst __ 


(1) Triceps surae stretch 
(a) Graded stretch 
(b) Isometric stretch 
Triceps surae contractions evoked by 


ventral root stimulation or triceps surae 
vibration 


(1) Delay of flexor burst by vibration 
of the triceps surae 


Nerve stimulation 


(1) Acute experiments 


(2) Chronic experiments 


102 


105 


105 


107 


107 


1 


al 


at Me 


it WAR ee 
gma one 


sors Preltmbe gtewa voxel, “Srion so: Che" otf 2.9.8 
woteye Wiolettgeo” the asiw 


Benim eee es ew ee eee 
PR cnc ex MEPVOMDION WL STHBAAIAA 3.t0RUMN AD AIOR Te 
ee es Reena pees Sh 2. noftoubowtaT 1.8 
ote 1s Lise ee oe ee = | aborts $.€ : 
atluest &.f 


ee hm oe ee eee 


| |) hh ho een eee Se ee 


ne Sa ae _____priibress: doo sete 7.6-£ | 
RS Se es ees aotsatuntye Tewite “S.8.€ ; 
He Few woxslt Yo soneywsqgnzth snod-To-fTA A 
ee eee) et dodowte sare eqootat (f) 
Serer ent dotsite bebe (5) » 
 . . nterte sisemoel (d) ‘i 
yd boslovs 2notdisiieds sewe eqe2taT 8 
gayle eqe2tys vo nobistumise door Teves 
ile ie ea ee) A Ae noi savdiy : 
nofisidiv yd ea yoxelt Yo ystsd (1) 
Sor _perila aqaoryd eds Yo 7 


=e ——— -—— ee eee 


201 nortstunti2 ovis = .0 


wh Wngee’ -thiitbenes 93uoA (1) 
OE ce eeteee nent noMeqee Itaowdd {S) : 
OP, oa Seo wn nin pts na AMET BE 
i ee See ee _WOFTONOIOI WI -2THIATIAA THIOL 30 3J08 HAT & : 
a ek oe salen iREe 5 Same 
Pinw tiie ___aStues® bn ebodtath ack Ms 


( 7 x 


Chapter Page 


A7- |) Lifted mesencephalic cats @ ae a 113 

4 222) Behavioral atia wsiseon nonmalecatss srivae! Ms 

NBME SNCS) pyate- 5 0 oe ke ie em ae 113 

Barer LOCC sale ae ee eee e a ne ede ec ie 

M2 or BHD JOU Coden eva (Ctl mm ne eee e usm eine Nee rca on a) 

Aes RED TSCUSS | ON iy ae ee ah pe A ee gael NAD tee 121 
SUC CRU RERUN Koyt)” PEReL uae: Wile ges een Me Eee ister DN ae PDE Be Eee ZS 
Boi) Identitication on thevilexor nalf-center eo 22 123 
5.2 Late reflex responses in premammillary cats 126 
Gee eehecdendisturbanceca) the dale nee eee ner 128 

Sree UR eeeCel © By 846i, ae sae ee Rn Nee mL a ARON TT nt 130 
BIBLIOGRAPHY 134 


a 


Jason “Fear 0 bteytnos Lert! ty aise SiS: 


-~-i~-— 4-2 


a) ie, 
_ onthi: uiB2 A - 
sh tied | AP 
poroayrahal: Pei ot ae b sh 
noreewret a ne 

Aa saune ia 


xaealt alt 1: aatse (> hedel i . 


+ 
ws 
NOG yenlOit eet an} iat SyZé 
a eo 
iy % goishytet> staat fat 
6 = 7 
y ; e)\. =) 
(name: & 
Av ae (oe 2 ae 


f (HAT OOT SBF : : 


Table 


LISTOOF TABIRES 


Changes in duration of step cycle pha 
by stimulation of cutaneous afferents 


X11 


ses produced 


imps a 


oa u we 24 


a 7 


» 


kee: 


boauborq esenrg afoyo qote 0 nobis at 29 f 290m 1 
afnayetta eosnaius to cotielomte a 


on et ke ie eye ew oe a ee Be pe 


Figure 


Bil) Or Gunes 


1] 


Ww 


13 


Transition from evoked to spontaneous locomotion 


Analog readout of rectified ipsilateral flexor EMG 
bursts 


Effect of stimulation of the posterior tibial nerve 
(2 x T) on the burst of EMG activity in the ankle 
extensors of the normal walking cat 


Increase in amplitude and duration of extensor 
activity following stimulation of the central plantar 
surface of the foot during the stance phase of a 
premammillary cat walking on a treadmill 


Step cycle changes evoked by electrical stimulation 
of the central plantar foot at different moments of 


the ipsilateral step cycle 2/7- 


Stimulation of the plantar surface of the foot 
evoking a flexor reflex in the resting animal and in 
the animal starting to walk 


Effect of electrical stimulation of the pad at 
different moments in the step cycle 


The effect of electrical stimulation of the pad on 
the locomotory output of the intact hindlimb 


Influence of weak tetanic sural nerve stimulation 
on the rhythmic contractions of ipsilateral ankle 
extensors and flexors during locomotion 


Repetitive stimulation of the sural nerve at the end 
of the stance phase 


Effect of sural nerve stimulation on the duration of 
the ipsilateral flexor burst and step cycle 


The effect of sural nerve stimulation at 75 x T on 
the stepping rhythm 


Changes in duration of the burst of activity in the 
pretibial flexors due to 2.5 x T stimulation of the 


tibial nerve at different times in the step cycle _46- 


Changes in duration of the ipsilateral extension and 
step cycle after 2.5 x T stimulation of the 
tibial nerve 


28 


47 


a Daal 


+ heeled auearisinoge of badove mot rot C 
Ma Aoxett Tevotalteqt co to tuobso% got sta s 


S 
avien feters worvatzoy ent to notsetumbte to FooTts 
ofins silt nk Wivitos aa to dewd oft no (T * 8) _ 
ee ee se tea onittsw ferme add to evoensyxo 
xoztiet3 Yo notsowb brs sbustioue nf seseqsnl : 
setasiq fsiina> od to notselumidie potwol[ot Utrvides 
6 to s2adq sonade add pntiwh toot sat to soetiue 
es ___Thtitheoid 5 no ontataw $69 v6 TF timing 
“potisfumise feotitoalo vd betova eayrando afoyp gage a 
0 ztradom Ins istitl) te too? asdnelg fsay2noo gilt To 
as-is. s— itititi#(#(. staya Gate Vonsdalreq? sav 
toot sd to sa65t 2 yeinelq ond to notsatumise a 
nt bis femtne enitesy odd at xofte7 yoxeTt s& paidove 
Atay of pattiste Pemias ody 


ts beg eds To noistsfuntte Taotydosfs Yo so9tTG t 
ee se SToyo qose ond nt etnanom InsvettTb 
no bay silt Yo noltslumite Isvivisslo to fosvts sat 8 
ee dmifonid Sosint sit to Juqsvo yrolommacl sit 
nottefumise avion [awe ofnsiat teew ho songyltal e 
sila (arsiniteat to anoftoeysnes otiwdyin iv 
hofijomoonl patywh eyoxslt bas avoensdxs 


8 


bre art Js avian Isive adit to nottsiumtte avtsidsqgan 
nae ARE OeT! se eae seoilg S3aste sat to 


Yo notsewh oft vo noftelumite svisn faye to tostea 
oe... 9199 qate brs tewud voxgl? (svadafteqi ons 


| no T x eX ts nottefumtte oven Pawwe to gactte oT 
Poe ene nnn nn IY pnbqqete arty 


anit nt ysivitoe to eee nol sow at apne 
| anoxa lt 
2 sii nt 2onty anovettib 36 vo 


Figure 


Lie 


18 


20 


2] 


ef 


a3 


24 


he 


26 


al 


28 


Rebound of flexor and extensor activity due to 
stimulation of the tibial nerve during the flexion 
Orextensioieotuse (a) Meters J gee, See. ores | 
Efrect Of *tibial’nerve stimulation at*3.3°xe7 on the 
duration or thewipsijateraiailexsy burst 2 54 
Effect of stimulation of the common peroneal nerve 

ato le/ x Oneticecstem@eye (owl me venetian PRGe S 56-57 
Effect of stimulation of the cutaneous surae 

lateralis nerve on the duration of the extensor and 
Tvexor’ bUYStS=dur ine eCOmouTOn ee 2 PIENS  - 29 
Spontaneous disappearance of EMG burst in semi- 
membranosus from the fixed hindlimb of a walking 
premammillary cat 6] 


Stimulation of the posterior tibial nerve in a 

Walking prema leyecdite SSPee ewe Sok ele S. 63 
Effect of posterior tibial nerve stimulation on the 
duration of the step cycle phase during which 
Scie au Os) Seo Cd aa wel Reet! eee ee. | 66 
Effects of single pulses to the posterior tibial 

nerve on the duration of the step cycle phase in 

Which sCimulat ton toedup lode: a Mem Fe’ i SAP Re || 69 
Sural nerve stimulation (1.2 x T) evoking a triceps 
surae reflex in the normal resting cat and in the 
Walkivig cat rduring™the stance pidSe er Se Ieee 70 
Effect of sural nerve stimulation on the duration 

of the flexion and extension phases of normal 

walking cat V2 


Stimulation of the intact common peroneal nerve 
at 1.1 x T in the normal cat with implanted neural 
cuf f 73 


Diagram illustrating some central connections made 
by large cutaneous afferents 85 


Activity in ankle extensor spindle afferent at rest 

Sd aGuU rig Wal KNGOSN eee A noe ek yo 93 
Blocking of locomotor rhythm by stopping the hind- 

limb in extension 95 


Xiv 


¢ en re aera Ha at nee sivi: fal 
7 > Le a . och pat: MTT VBL Ditt 
_>-- - —- cache sa lar i.) “2 a 

- WiC : Kee LE poe ae | aoe) Nia, oa) - 


aaa vty idee 6 scene 
aban od putaub 
ee ee 


oi, fo) x €.8 as notsstumtte avin f idtd -to 


wm _tenud woxett Teiawattagt ert to nottsnut 
feonois 099 to rsfunrie Fo jostta 
\e-ad i eee STIX i dg ino Tx 4,1 36 
agyue 2uosna iio ods 70 notishwunite to ioe 
bis soensaxs silt To nottatwh offs ne avxsn etl T 
2 a ohbtomegor parr eserudh i 


~imee nt senud a2 te samp ieoqgse tb et 

ontafew 6 to dmtibetd boxtt.sdd mont ev BA 
foo Ng ee = eee ie! Frmamatg 
& at synon lafdis votisdeaq od To Aorislumiie 
7 i Oe a Od ee) 2 353 WaT Fimimenora pata Tew 
orld no norselumise ovien Taidts sofseteog to J297%3 
totslw poTiub sandy ajay qase and Fo" norsexwh 
00... Pv.) ee ee ne bettas” et natsaluntse 
latdtd yottateog sf! ot 2oatugq slont2 t6 eisstta 
nt sasiq sfayo qoge ant to nofteyub silt no sven 
a on, 2¢ notssluntse datdw 


OS pe eee ope pre merge We ee ee —— = 


2qsoty3 5 enidovs T x85 ry nofislumtte 9 iter ae 
qt 


ody nt bac +69 enfs2ay [eanon aid ar 
ov sepiy Ssonbse ond pntiub $62 8 


—— te ee fee ee ee ee ee 


nofttsiuo ond no notistumite avvan. Tsu2 to $oa793 
[soriow to 2oenrq notenstxo bas sdk “ond 


aT, 469 abla 


i 1m a gum ath ta neta 7 38 


LRT onap 2 eapte moys | oe ee 


a stiksd “tends “iis 28 aah a ot rn 
cy ae oat pve i ae 


r he J 


0 ae ey ele eee oe ee “¢ cose 


; XY XS bs ‘ J 7 ! 
. : 7 af io 7 Vi } ven oT ’ 
Penske sae pont a----~--- NOTES 
. . ct 

5 7 “4 ' oa o 


> ay ol? @ 


rey 


Figure Page 


29 Inhibition of rhythmic motor activity by stretch 
of the triceps surae of a walking premammillary cat_ 96 


30 The inhibition of ipsilateral hindlimb rhythmicity 

due to clamping of the left ankle in a flexed 

bleak) Tals eee ene tae hee, 1) Onan a ae ee ee ee 99 
3] All-or-none disappearance of the rhythmic flexor 

burst due to stimulation of an L7 ventral root 

filament of cto vabravion Of the triceps surae 101 
32 Delay of the rhythmic burst of activity in the 

pretibial flexors due to vibration of the triceps 

SUTeC AR t SS ERE ol Re el ee eee 103 
Sh) Effect of stimulation of the medial gastrocnemius 

hekveton the documotorytaucpitery, = Po 106 
34 Changes in the position of the left hindlimb at the 

beginning and ending of the stance phase when a cat 

WaseTorced=towcroucivor walked normally». ©. 7.” 116 
a Comparison of joint angle excursions of a cat which 

either walked normally on a treadmill or was forced 

to crouch under a ceiling placed 13 cm above the 

Dea cit Wp eit aa ei MnMnE nS a Seek ved V7 
36 Differences in the position of the left hindlimb at 

the beginning and ending of the stance phase when 

the cat was loaded with 500 grams on its back. 120 
37 Forelimb stepping as a method to release the late 

long-lasting triceps surae inhibition following 

ECAMIC sSURCIMEINe sstaUl@ ELON C6. 5. wee oe 124 
38 Polysynaptic late reflex responses in the triceps 

surae following stimulation of the intact common 

peroneal nerve 127 


XV 


| ee tmragattagt Pie tabs ‘aif af off 
Sian necator we ae ad alt 
‘ileast aint ph aanrepaqias th onon~" 
toot Tevinsy SJ a5 te 0 me od oul 
see eet od Vo Aol bale B 


jividos to tandd ahaliyae 
ait ni utivito ante ssc 


aqaahy) adt to molgetdiy vt sub 2710x9 
2 (he ee ee Te <npetnngheine 92a nega 


r 
aulopnves tet hake ai) to er 29978 


SlGiuo uros 3 1 Syv194 


ror 


Seiad 


OT ee ss -- 
oft ds dudfbaTd No! 5M) to neitreoqesns af 
$60, 5 fotiw oa5hq Sonk2- 91) Jo pytbne bas ie 
ha ae __vftamvon batlsw 16 fours oF bestot ‘25 
datdw tes o To 2 ofewoxs alpns Infor To noetrsqmas 
boaiot eaw 10 [fimbéatt 6 no vf lemon ball aw wAsks 
eds Svods mo a 1 baoat pee 6 bt ae Quod ¢ 


ie dei Vb sta! sig a Lin ee 299/19 
| sae one pee har nare bapee cae ve 


gtel edt 4 3 boriten 6 as. 20 ni Teo" 
| ee aa a bec ont en ee forse tu rege Pyoen fewe . 3 NET 


eqesoiny sid at ese % ME 6° 
gl AR eget 8 


es Scena eie de ibe we ee eee ———e ee ewe — 
7 a 


CHAPTER 1. INTRODUCTION 


In mammals, alternating movements, such as seen in walking 
and respiration, are largely dependent on a centrally generated 
rhythm, which persists even in the absence of all sensory feedback 
(Brown, 1911; Burns and Salmoiraghi, 1960; Winterstein, 1911). 
Afferent input and reflexes are, nevertheless, essential for the 
normal execution of these cyclic movements, since the basic rhythm 
has to be adjusted to suit external requirements. Typically, the 
two phases within a cyclic movement differ in this peoncee Ina 
number of invertebrate and vertebrate cyclic motor systems, a 
distinction can be made between one phase, which is rather rigidly 
centrally programmed, and another phase, which is more flexible and 
relies more on sensory feedback. The inspiratory phase of respir- 
ation and the swing phase of locomotion are both characterized by 
a Standard duration, set by a "central oscillator", while variations 
in total cycle duration mostly are brought about by reflexly induced 
changes in the duration of the expiratory phase and the stance phase 
(Gautier et aZ., 1973; Orlovsky and Shik, 1965; Pearson and Duysens, 
1976). However, even the more centrally dominated phases do not 
escape reflex control. In the mammalian respiratory system, 
artificial inflation of the lungs or stimulation of the vagus 
nerve during inspiration results in a premature termination of the 
inspiratory phase (Hering-Breuer reflex). When applied during the 
expiratory phase, the same maneuvers delay the expiratory-inspiratory 


phase transition. 
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As far as locomotion is concerned, the existence of phase 
limiting or prolonging reflexes is less well documented. In some 
invertebrates specialized receptors are thought to play a role in 
walking. When hair-plate receptors, which are normally excited 
during flexion movements, are removed in stick insects or cock- 
roaches, exaggerated stepping with prolonged flexion is observed 
(Wendler, 1966; Wong and Pearson, 1976). In the mammalian walking 
system tne reflex control of walking has been proposed repeatedly 
(Lundberg, 1969; Philippson, 1905) but direct evidence has been 
Slow to emerge. Hence most of our present knowledge is still largely 
based on extrapolations from reflex studies on immobile animals and 
it is but recently that preparations have been developed allowing an 
experimental verification of these extrapolations (Shik e¢ al., 


1966; Orlovsky, 1969). 


1.1 Weuralt Control of Locomotton 

Three recent reviews have covered this area extensively 
(Grillner, 1975; Shik and Orlovsky, 1976; Wetzel and Stuart, 1976). 
In general, one can distinguish the following basic elements in the 
organization of mammalian locomotion: 

Velal ththevseingle timbvosctilatror 

Each limb has the ability of performing stepping movements 
on its own, even if the limb is deafferented (Brown, 1913, 1914; 
Shik and Orlovsky, 1965). During such stepping movements the limb 
acts as a whole so that disturbances in the movement of one joint 


produce a reaction in the movements of all joints (Orlovsky and Shik, 
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1965). The single limb oscillator is located in the spinal cord 
(Brown, 1913). 

1.1.2 Coupling between oscillators 

The use of more than one limb in locomotion requires the 
coordination of the stepping movements of different limbs. Such 
coordination is retained in spinal animals (Miller and Van Der Meché, 
1976) but higher centers (brainstem and reticular formation) are 
thought to be involved as well ("tegmental response", Shik and 
Orlovsky, 1976). Afferentation is not indispensable for the 
production of coordinated stepping movements (Brown, 1911b) but is 
crucial for the adjustment of the different gait patterns (walk, 
trot, gallop) to the needs of the environment. 

1.1.3 Supraspinal centers 

The fine tuning of the "raw" progression movements is 
accomplished in higher vertebrates by the interplay of peripheral 
and central influences in supraspinal centers. These centers also 
determine when and how strong the spinal locomotory centers are 


activated (Shik and Orlovsky, 1976; Wetzel and Stuart, 1976). 


1.2 The Role of Afferent Input tn Locomotion 

From the above it follows that afferent input is important 
at all levels of the organization of locomotory behavior. However, 
the work presented in this thesis has not been undertaken to gain 
more insight into the role of afferents on interlimb coordination 
or on higher center functioning. Instead, attention was entirely 


focused on the interaction between afferent input and single limb 
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oscillator output. In particular, the question was asked how the 
step cycle and its different components are modulated by sensory 
influx. These step cycle components, conventionally designated as 
FofEb; £2, and-£2 (Phil ippsonse1905) jocahebe briefly described as 
Follows: 

(i) F (flexton phase) is the period of the step between 
the lifting of the foot from the ground and the onset of extension 
in the major joints during the last part of the Swing phase. 

(ii) #! (first extension phase) is the period between 
the onset of extension and foot touchdown. | 

(iii) #4 (second extenston phase): following touchdown 
the limb extends at the hip but yields at the knee, ankle and meta- 
tarsophalangeal joints. 

(iv) &° (third extension phase) covers the time between 
the end of the yield and the thrust-off at the end of stance. 

On the other hand, the afferent input can be classified 
in three major groups depending on the receptors of origin: 

(i) cutaneous input: sensory information derived from activation 

of skin receptors. During locomotion it will be mainly the skin 
receptors of the pad and foot that will be activated during the 
stance. (ii) muscle afferent input: the muscles contain specialized 
sense organs called spindles and tendon organs, both of which are 
known to be active during walking (Severin et al., 1967). 

(iii) joint afferent input: the role of joint receptors in locomotion 
is completely unknown but suggestions have been made that hip joint 


receptors signalling hip position may be important for the reflex 
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initiation of the swing phase (Grillner, 1975). 

Recording, stimulation and deafferentation techniques 
were used as well as behavioral analysis to explore the contribution 
of these three groups of afferents to the reflex control of stepping 


ina single’ limb or thecat. 
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CHAPTER 2. THE ROLE OF CUTANEOUS AFFERENTS IN LOCOMOTION 


2.1 Introductton 

In this chapter the role of exteroceptive reflexes will be 
investigated in some detail. Such reflexes fall into two groups: 

(i) Extensor reflexes: are easily obtained in the resting 
animal (extensor thrust: Sherrington, 1906; positive supporting 
reaction: Magnus. 1926:."stutzreaktion'* Pritchard, 1926; toe 
extensor reflex: Engberg, 1964), and their discovery immediately 
gave rise to speculation about the use of these types of reflexes 
for the reinforcement of extension during the locomotory stance 
phase (Sherrington, 1906; Philippson, 1905). However, the latter 
idea failed to be proven, since denervation or anesthesia of the 
foot yielded very small deficits’ in the walking behavior of cats 
(Sherrington, 1910; Engberg, 1964). Sherrington concluded that 
cutaneous reflexes may contribute but are not indispensable to 
locomotion. 

This view has stood up to the present day. Recently 
Grillner (1975) has pointed out that the negative evidence could 
be attributed to inadequate testing conditions and it is possible 
that deficits would be revealed if cats were allowed to walk on 
unpredictable surfaces. Also, it is conceivable that different 
afferent systems serve the same purpose and the proprioceptors of 
the limb may take over the role normally played jointly by extero- 
receptors and proprioceptors. Therefore, selective activation of 


cutaneous receptors during locomotion may provide more information 
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than can be obtained from denervation experiments. In a previous 
study by Forssberg et al. (1975) it was shown that stimulation of 
tne dorsum of the foot during walking results in a phase dependent 
reflex reversal. It was found that stimulation during the swing 
phase ennanced the flexion of the stimulated hindlimb while 
stimulation during the stance phase evoked a shorter but more 
pronounced extension. No data are available on the stimulation of 
other skin areas during locomotion. 

(ii) Flexor reflexes: also were thought to be related 
to locomotion. Sherrington (1910) noted that certain "non-noxious" 
stimuli evoke a reflex flexion in the limb and he concluded that 
this reflex flexion was the flexion phase of the step rather than 
the withdrawal reflex. Although considerable progress has been made 
over the years in the differentiation of afferents from different 
origins, it is at present still unknown which afferents play a role 
in the reflex control of the flexion phase as suggested by Sherrington. 
Our ignorance is mainly due to the exclusive use of motionless animals 
in the study of reflex effects of different types of afferents. 
Although such static studies proved extremely valuable for the 
description of a widespread system of afferents which reflexly excite 
flexor motoneurons ("Flexor Reflex Afferents" or FRA), they did not 
allow determination of whether these afferents made reflex connections 
with flexors because of their role in the reflex control of the 
flexion phase or mainly because of their protective function in the 
withdrawal reflex. 


Actually both the flexor reflex and the flexion phase may 
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well originate in the same center since the motor program as 
expressed by the pattern of contractions and relaxations of the 
different muscles in the limb is almost identical for both move- 
ments (Sherrington, 1910). The difference between the nociceptive 
witndrawal reflex and the locomotory flexion phase may then depend 
on the type of input this common center, henceforth called flexor 
"nalf-center" (Brown, 1914), receives both from central and 
peripheral sources. Small nociceptive afferent fibers may cause 
the flexor half-center to be active for a long period, hence 
producing a sustained withdrawal reflex, while larger afferents 
may reflexly excite the half-center to a smaller degree, hence 
producing the flexion phase of the step (except if the flexor 
half-center is disinhibited such as in the spinal animal, when 
the large afferents may also produce a sustained withdrawal reflex). 
In the present study the function of flexor and extensor 
reflexes in locomotion will be explored using either acute or 
chronic experiments on walking cats. Stimulation of the skin or 
the skin nerves of the distal hindlimb will be employed to 
investigate the role of these reflexes in the regulation of the 


step cycle. 


2.2 Preparations and Methods 
xen wer renanattone 

The present study was based on three types of preparation: 
normal, mesencephalic and premammillary cats. The latter two 


"acute" preparations can walk on a treadmill either spontaneously 
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(premammillary cats) or after stimulation of a part of the brainstem 


(mesencephalic cats). 


A.  Mesencephalte cats. 

Stimulation of the mesencephalic locomotor region (MLR), 
corresponding to the cuneiform nucleus, evokes locomotion in mesen- 
cephalic atsput! ona ittreadmill: (Shik) e& aie, 1966). In total 13 
mesencephalic cats were prepared in this study but only 8 responded 
satisfactorily to brainstem stimulation. Mesencephalic cats can 
adjust their gait to the speed of the treadmill even if MLR stimu- 
lation is kept constant. A stepwise increase of the speed of the 
belt from 0.5 m/sec to 1.5 m/sec resulted in a reduction of the 
duration of the hindlimb step cycle by 49%. Most of this reduction 
was due to a shortening of the extension phase since the duration 
of the EMG burst in the triceps surae fell by 69% while the 
duration of the burst of pretibial flexor activity fell only by 
34%. The shortening of the extensor burst was to be expected in 
view of the results of Shik et aZ. (1966), who found that the 
Support phase is shortened by increasing the speed of the treadmill 
belt in mesencephalic cats stimulated with constant strength. On 
the other hand, Shik et al. (1966) showed that there was a slight 
increase in the duration of the swing phase with increased speed. 
Since we found a shortening of the flexor burst with increased 
speed, it seems that the relative contribution of flexion and 
extension to the swing phase changes somewhat with changes in 


velocity. At higher speeds the swing phase presumably contains 
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more extension and less flexion in the mesencephalic cat. 

The role played by MLR stimulation in the initiation and 
maintenance of walking on a treadmill was illustrated by some 
interesting observations on mesencephalic cats which continued 
stepping for a short time despite discontinuation of the brainstem 
stimulation. Fig. 1 shows that stopping the stimulation of the 
MLR did not immediately stop the stepping, which instead could 
continue for several minutes. The duration and amplitude of the 
bursts of extensor activity in the triceps surae were drastically 
reduced after the termination of the stimulation, leaving only a 
short extensor burst during a period presumably corresponding to 
the first extension pnase. Despite tne dramatic changes in 
extensor EMG bursts the locomotory rhythm remained quite stable, 
the step cycle duration being reduced by only 8%. 

These observations agree particularly well with the 
results of Severin et aZ. (1967) based on recordings of single 
ventral root filaments in mesencephalic cats. These Russian 
workers showed that brainstem stimulation selectively affects the 
number of motor units active at a given time while the locomotory 
rhythm is dictated by the speed of the belt and by the resulting 
afferent feedback rather than by brainstem stimulation. They found 
that an increase in MLR stimulation may lead to the recruitment 
of extensor motoneurons in the later parts of the support phase 
and that discontinuation of the MLR stimulation results in a 


gradual reduction in the duration of the rhythmic bursts of extensor 
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Transition from evoked to spontaneous locomotion. 
Note the complete disappearance of the later parts 

of the extensor EMG burst after discontinuation of 
the brainstem stimulation (arrow). Lower part of 
figure is continuation of top part. St = stimulation 
of mesencephalic locomotor region. iF = unidentified 
hipeThexors=1E = iostlateral triceps surae; ce = 
contralateral triceps surae. 
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In addition to confirming the results of Severin et al. 
(1967), the present findings provide evidence that the first part 
of tne extensor burst may differ fundamentally from later parts of 
extensor activity because of its relative independence of 
descending activity evoked by MLR stimulation. Since this first 
part of the extensor burst is likely to occur during the swing 
phase and is not affected by the termination of MLR stimulation, 
it seems that MLR stimulation selectively affects the extensor 
activity during the stance phase. The MLR stimulation could 
activate extensor motoneurons by way of direct descending pathways 
but it is hard to understand why such descending activity should 
only excite extensor motoneurons during the stance and not during 
the first extension phase. More likely, MLR stimulation "produces 
increased sensitivity of the spinal mechanisms to rhythmic 
afferent influences" (Shik and Orlovsky, 1976). In other words, 
MLR stimulation may increase the gain of afferent feedback path- 
ways involved in maintaining the appropriate extensor activity 
during the stance. This gain adjustment could ensure that afferent 
input elicited from cutaneous receptors in the pad and from stretch 
receptors in the extensor muscles during the stance excites 


extensor motoneurons to a sufficient extent to support the animal. 


B. Premannillary cats 
By making the decerebration in a slightly more frontal 
plane (just in front of the superior colliculus and the mammillary 


body), one obtains an acute "premammillary" cat (term introduced 
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by Wetzel and Stuart, 1976) which is able to walk spontaneously 
without any brainstem stimulation. Usually the walking occurs in 
cyclic bursts, but sometimes premammillary cats can walk continuously 
for hours. 

Apart from the technical advantage of not having to use 
brainstem stimulation, premammillary cats offer the opportunity to 
study rhythmic alternating locomotor output in a hindlimb which is 
partly denervated and immobilized (further details given in next 
section). Rhythmic contractions in the intact muscles of the 
immobilized hindlimb during stepping of the other free limbs occur 
readily in premammillary cats but more rarely in mesencephalic 
cats, presumably because premammillary cats usually walk with much 
more vigor than mesencephalic cats. Since fixation of one hindlimb 
in a walking cat allowed the application of a wide range of experi- 
mental procedures, it was decided to use predominantly the pre- 


mammillary preparation for most of the experiments to be reported on. 


GC. Normal cats 

The use of decerebrate animals in locomotion studies 
may lead to interesting conclusions, but the extrapolations of 
these conclusions to the locomotory behavior of normal cats may 
have its dangers. Therefore, some of the experiments were done 
on normal cats which were trained to run on a treadmill. For this 
purpose the cats were deprived of food (for periods of less than 
24 hours) and then put on the treadmill, on which they could run, 


in order to get a food reward. Some of these cats, belonging to 
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another laboratory in our department, had multi-electrode neural 
cuffs implanted around several nerves (Stein et al., 1975; 
Jhamandas, 1976), making it possible to use chronic recording and 


stimulation techniques in normal cats walking on a treadmill. 


2.2.2 Methods 

A. Surgery (acute experiments) 

Experiments were done on adult’ cats weighing 2 - 4.5 kg. 
Until decerebration the animals were kept anesthetized with 
Halothane. After opening the skin, the common carotid artery was 
ligated bilaterally and on one side a cannula was inserted for 
blood pressure monitoring. Throughout the entire experiment the 
blood pressure was kept above 100 mm Hg by giving a 6% dextrose 
solution intravenously when the pressure dropped. A tracheotomy 
was performed, allowing the insertion of a T-shaped cannula in the 
trachea. 

For the experiments with nerve stimulation, the left 
hindlimb was partially denervated at the hip (all branches of the 
obturator and femoral nerve) to reduce movements after fixation 
of the limb, and at the foot (peroneal, tibial and sural nerves) 
to reduce afferent input from the foot, which was later clamped 
for fixation. The partial denervation spared the hamstring muscles 
as well as the ankle flexors and extensors from which recordings 
could be made. 

The animals were then transported to a frame over a 


treadmill. A stereotaxic headholder was used to fix the cat's 
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head while the hip was clamped with two sharp hip bars. Xylocaine 
was used to anesthetize the insertion points of the hip bars. The 
left hindlimb was held up by two clamps, one around the knee and 
another around the foot. To avoid excessive pressure on tendons 

of long toe muscles, the foot clamp was not too rigid. Nevertheless, 
movement at the ankle was quite restricted and the contractions of 
the ankle flexors and extensors were essentially isometric. The 

knee was held in a semi-flexed position, allowing the construction 

of an oil pool. The three remaining limbs were in contact with 

the belt of the treadmill and were free to move. 

Once fixed in the frame on the treadmill, the cats were 
decerebrated with a stereotaxically guided spatula. The level of 
transection was just frontal to the colliculi and the mammillary 
body in the case of the "premammillary" preparation and was just 
behind the mammillary body in the case of the “post-mammil tary" 
or "mesencephalic" preparation. Both preparations can show good 
coordinated walking for several hours once the effects of the 
anesthetic wear off. The speed of the treadmill was kept at 
2.7 km/hour. During walking, the innervated muscles in the 
fixed hindlimb contracted with normal timing, as if the limb 
were free to move. 

In another group of cats, used for skin stimulation, 
the four limbs were left intact and a pair of silver plate electrodes 
(6 mm diameter) was attached to the shaved skin of the central plantar 
surface of the foot (interelectrode distance, 1 - 2 cm), or to 


the central and peripheral lobes of the hindlimb pad. 
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Finally, some premammillary cats had a neural cuff 
implanted around the sciatic nerve and at least one other cuff 
around the posterior tibial, common peroneal or sural nerve. 
These cats needed no denervation since the hindlimb containing 
tne cuffs did not have to be fixed to allow the application of 


electri ea kestimuli. 


B. <Sttimulatton 

Square pulses from a digitimer and an isolation unit were 
used as Stimuli. For stimulation of the skin, 50 - 600 msec trains 
of 1 msec shocks were used, wnile the nerve stimulation was done 
with 100 - 400 msec trains of 0.05 msec or 0.01 msec pulses. The 
frequency of pulses within eacn train was 60 Hz except for a few 
cases where 80 Hz was used. The stimulus trains were given at 
regular intervals of 4 sec or longer during the periods of walking. 
The interval was chosen such that the train was not synchronized 
with a particular time within the step cycle, but fell essentially 
at random within the cycle. 

For the nerve stimulation experiments a threshold deter- 
mination of the stimulated nerve was done in the resting animal 
prior to and following each period of walking. Single cathodal 
stimuli were applied to the nerve under study while the resulting 
compound action potential was recorded with the electrodes on the 
sciatic nerve. After threshold determination, the stimulus strength 
was increased until a maximum first peak was recorded. 


The electrodes used for nerve stimulation in the fixed 
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hindlimb consisted of a pair of platinum-iridium hook electrodes 
with an adjustable interelectrode distance of 0 - 15 mm. These 
electrodes were placed in a warm paraffin pool made in the knee 
cavity of the fixed hindlimb. The cuff electrodes, on the other 
hand, were placed in the free hindlimb. They were described in 
detail elsewhere (Stein et al., 1975, 1976). 

The following list gives an overview of the numbers and 


types of stimulation experiments used in this study. 


- skin stimulation (acute) (N=8) 
- nerve stimulation (acute) 
(i) hook electrodes . tibial nerve (N=5) 
. posterior tibial nerve (N=3) 
. common peroneal nerve (N=5) 
. sural nerve (N=9) 
. cutaneous surae lateralis n. (N=3) 
(ii) cuff electrodes . posterior tibial nerve (N=3) 
. common peroneal nerve (N=1) 
- nerve stimulation (chronic) 
. posterior tibial nerve (N=2) 
. common peroneal nerve (N=1) 


. sural nerve (N=1) 


Under "tibial nerve" is understood the tibial nerve at 
the popliteal fossa, while "posterior tibial nerve" refers to the 


same nerve at the ankle at a point distal to where the triceps surae 
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nerve joins the tibial nerve. Most experiments were done with the 
nerves cut either at the knee or at the ankle and no systematic 
study was made of tne differences in effect with the nerves left 


WeLact. 


C. Recording 

In the acute experiments, the EMG activity of the ankle 
flexors and extensors was recorded bilaterally. A more precise 
identification of the recorded muscles was only possible in the 
fixed hindlimb where usually the lateral gastrocnemius Ty the 
anterior tibial (TA) and sometimes the semimembranosus (SM) were 
selected. The electrodes for each muscle consisted of a pair of 
copper wires, insulated except for the tip, and inserted within 
1 cm from each other in the muscle. The EMG signals were fed 
through a preamplifier and displayed on a four-channel oscilloscope, 
connected with a four-channel FM tape recorder. 

In the echronie experiments on normal cats, the EMG of the 
triceps surae was recorded using the differential signal obtained 
from an internal and external lead of the cuff around the tibial or 
Sural nerve. No flexor EMG was available but in some experiments, 
high speed cinematography (64 frames/sec) was used to verify that 
pauses between bursts of extensor EMG corresponded to flexion move- 
ments during the stepping. Matching of EMG records and film frames 
was achieved with the help of stimulus trains which were fed into 
a digital voltmeter and recorded on tape. 


In all experiments the data were written out on a poly- 
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graph (Grass, model 7D) and/or filmed from the oscilloscope screen 


during or after the course of the experiments. 


D. Data analysis 

In the acute experiments, very stable walking could be 
obtained so that some data could be analyzed by computer (Lab-8 
computer system, Digital Equipment Co.). A program called "LOCO" 
was written by Dr. R.B. Stein to allow the automatic measurement 
of the duration of the EMG burst. preceding, during and following 
an applied stimulus. Fig. 2 illustrates an example of the analog 
readout of the data after they have been rectified and filtered. 
The short horizontal excursions at the beginning and ending of 
each EMG burst indicate the poine at which a computer measurement 
was taken of the existing time difference withtime "zero", the 
onset of the stimulus. The critical voltage level at which a 
measurement was taken was kept as standardized as possible, but 
sometimes adjustments had to be imade when baseline irregularities 
approached the critical level too closely. A 7.8 msec bin width, 
combined with delays around 20 - 25 msec due to the filter time 
constant, resulted in a delay of approximately 30 msec. The 
digital printout of the data was compared with the original records 
to check for irregularities arising from stimulus artefacts and 
biological variability. Further quantitative treatment of the 
results, including a correction for the above mentioned 30 msec 
delay, was done with the help of some simple computer APL routines. 


The parameters were defined as follows (Fig. 2): 
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Fig. 2. Analog readout of rectified ipsilateral flexor EMG 


bursts (iF). Automatic time measurements are made 
at the points indicated by the small horizontal 
deflections occurring at the crossing of a preset 
critical voltage level (dashed horizontal line). 
The variability in the occurrence of the small 
horizontal deflections is due to the bin width of 
7.8 msec. The figure represents an example of 
prolongation of the burst of activity in the 
pretibial flexors due to stimulation of the tibial 
nerve at 2.5 x T at the beginning of the flexion 
phase. 
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C,;: The control step cycle, preceding the step cycle 

with stimulation. 

Co: The step cycle during which stimulation was begun. 

Step cycle is defined as the time between the onset 
of two consecutive flexor bursts. 

By: The duration of the control EMG burst preceding the 

EMG burst rcontained in Co. 

Bo: The duration of the EMG burst within the step cycle 

with stimulation (C>). 

Dy; Delay. between onset of step cycle .C,.and onset of 

Stimulus Lean. 

The difference between the duration of the stimulated 
step cycle (or the EMG burst within this cycle) and the preceding 
control step cycle (or EMG burst) was calculated, normalized with 
respect to the control cycle (or burst) and expressed as a 


percentage: 


Similarly, the stimulus delay (D) was expressed as a percentage of 


D x 100 
(Px 10). 


function of the normalized D. 


Ce: The normalized differences were then plotted as a 
In the chronie experiments on normal cats, there was of 

course much more variability in the step cycle parameters since 

these cats were not fixed in a frame over the treadmill. Moreover, 


stimulation often caused the normal cat to stop walking, to turn 
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around, or to change the rhythm of stepping so that only short-term 
changes in the locomotory behavior could be studied. Therefore, 
the analysis on normal cats was limited to the effects produced on 
the duration of the phase in which stimulation was applied. To be 
able to make some kind of prediction about the duration which a 
particular phase would have had if no stimulation had been 
applied, only those stimulus trials were analyzed where the two 
equivalent phases preceding the stimulus application did not 
differ in duration by more than 60 msec (arbitrary criterion). 

In the example of Fig. 3, the stimulus train was started in the 
flexion phase (SF) of the stimulated hindlimb and the trial was 
accepted for analysis since the duration of the two preceding 
flexion phases (PPF and PF) did not differ by more than 60 msec. 
Usually less tnan one-third of all trials passed the 60 msec 
criterium. 

The duration of the phase in which stimulation was started 
was compared to the duration of the preceding equivalent phase and 
the difference was expressed as a percentage of this preceding 
phase. The normalized differences were then plotted versus the 
time at which stimulation was started within the particular phase 
(DF or DE in Fig. 3). This time was calculated as a percentage 
of the preceding equivalent phase (DF/PF % or DE/PE %). For 
example, a stimulus started at a time when the flexion phase would 
be expected to be terminated on the basis of the duration of the 
preceding flexion phase would be a "100%" stimulus. Such "100%" 


stimuli could rarely be analyzed because the stimulus artefact in 
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Ext. EMG 


Pad Movement 


05sec 
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Fig. 3. Effect of stimulation of the posterior tibial nerve 
(2 x T) on the burst of EMG activity in the ankle 
extensors of the normal walking cat. (A) Stimulation 
during the pause between extensor EMG bursts causes 
the next burst to be delayed (SF > PF) due to extra 
flexion of the limb as seen from the filmed movements 
of the pad. In (B) stimulation is applied during the 
extensor EMG burst causing the total duration of the 
burst of extensor activity to be prolonged. Stimulus 
artefact eliminated from integrated EMG trace in A, 
while indicated by dashed line in B. Note the pick- 
up of flexor activity during the flexion phase, 
expecially in A. Further explanation in text. 
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the EMG trace often made it impossible to decide the exact onset 


of the following phase. 


Zio: sResy Les 
2.3.1 Skin stimulation 

he Plantar surface of the foot 

Weak electrical stimulation of the plantar surface of a 
thalamic cat under resting conditions evoked a small reflex 
contraction of the ipsilateral triceps. Stimuli which were 10 - 20 
times stronger elicited a reflex flexion of the whole limb (flexor 
reflex). These two classes of stimuli, one producing an extensor, 
the other a flexor reflex, will from now on be classified as "weak" 
and "strong". The transition from an extensor reflex to a flexor 
reflex with increasing stimulus intensities has been described by 
Sherrington (1904) and Sherrington and Sowton (1911). 

(1) The weak stimuli, a 300 msec train of 1 msec pulses 
at 60 Hz, were then applied at regular intervals during the periods 
of spontaneous walking. Since no attempt was made to synchronize 
all stimulus trains with a particular phase of the step cycle, 
application of the stimuli was essentially at random within the 
step cycle. 

When the weak stimuli fell within the stance phase of the 
ipsilateral hindlimb, a marked effect on the ipsilateral extensor 
activity was observed (Fig. 4). Both amplitude and duration of 
the ipsilateral triceps EMG burst were increased. There was also 
a delay in the onset of the subsequent activity in the ivsilateral 


flexors and the contralateral extensors. Taken together, these 
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Fig. 4. The increase in amplitude and duration of extensor 


activity following stimulation of the central plantar 
Surface of the foot during the stance phase of a 
premammillary cat walking on a treadmill. A short 
train of six weak electrical shocks (St., 1 msec, 
60 Hz) given immediately after the first extension 
phase evokes a long and intense discharge in the 
ipsilateral ankle extensors (iE). The prolonged 
extension is associated with a delay in the onset 
of the next EMG burst of the ipsilateral pretibial 
flexors (iF) and the contralateral ankle extensors 
tice). 
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flexors and the contralateral. extensors. Taken together, these 
changes produced a bilateral prolongation of the step cycle, 
defined as the sum of a flexor and an extensor EMG burst. The 
Situation was quite different when weak stimuli were applied 

during the swing phase. This is illustrated in Fig. 5, obtained 
from another experiment. Fig. 5A shows how stimuli given at the 
beginning of the ipsilateral flexor activity prolonged the flexor 
EMG burst while having no appreciable effect on extensor activity. 
Thus, the over-all effect is again a prolongation of the step 
cycle, but this time it is the longer flexor bursté which 1s 
responsible for the step cycle prolongation. In between is the 
Situation with weak stimulation starting in the middle of the 

Swing phase (Fig. 5B). The stimulus train, extending over the end 
of the flexor and the beginning of the extensor burst, caused a 
prolongation of the ipsilateral flexor activity while at the same 
time reducing the duration and the amplitude of the ipsilateral 
extensor burst. The shortening of the extensor activity caused a 
Shortening of the step cycle. The three situations with stimulation 
at the beginning (Fig. 5A), middle (Fig. 5B) and end (Fig. 5C) of 
tinesstep cycle are further described in Fig. 5D. The duravion of 
the step cycle during which stimulation was started was compared 

to the duration of the just-preceding step cycle and this difference 
was plotted against the interval between the onset of the cycle and 
the onset of the stimulus train (see Section 2.2). Thus, data 


points lying above the horizontal zero axis indicate a prolongation 


of the step cycle while the lower points indicate a shortening. 
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Step cycle changes evoked by electrical stimulation of 
the central plantar foot at different moments of the 
ipsilateral step cycle. Different cat from Fig. 4, 


A. A train of shocks given at the onset of the ipsi- 
lateral pretibial flexor activity (iF) prolongs 
the flexor burst. The following ipsilateral 
extensor burst (iE) is of normal duration but the 
total step cycle duration (flexor + extensor burst) 
is prolonged. 


B. The same stimuli given at a later moment in the 
step cycle slightly prolongs the ipsilateral 
flexor burst and at the same time reduces the 
ipsilateral extensor activity both in amplitude 
and duration. Note the resulting shortening of 
the step cycle. 


C. Stimulation of the plantar surface of the foot 
during the period of activity in the ipsilateral 
triceps surae prolongs the ipsilateral extension 
and delays the onset of the next flexion. The 
result is a prolongation of the step cycle. 


D. Scatter diagram illustrating the changes in the 
step cycle duration for a large number of consecutive 
Sequences such as seen in A, B and C. The abscissa 
represents the time of onset of stimulation within 
the step cycle (D in Fig. 2). The ordinate gives the 
difference in duration of the step cycle (C, - C, in 
Fig. 2). All data are expressed as a percentage of 
the step cycle preceding stimulation (control cycle 
C,). The dashed vertical line separates the period 
of activity of the pretibial flexors (on the average 
41% of the control cycles) from the period of activity 
of the ankle extensors. Notice the prolongation of 
the step cycle when the stimulus train starts either 
early in the phase of flexor activity or during the 
period of extensor activity (see A and C). A 
Shortening of the step cycle is seen when stimulation 
is started in the middle of the flexor activity (see 
B). Stimulus parameters: Square pulses of 1 msec, 
60 Hz, in trains of 300 msec at intervals of 3 - 5 
sec. The stimuli were subthreshold for the evocation 
of a flexion reflex in the resting animal. 
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On the average, the step cycle just preceding the cycle with 
stimulation had a duration of 787 msec (S.D. = 23 msec or 2.9%). 
Flexor EMG activity accounted on the average for the first 41% of 
this time (dotted dashed line in Fig. 5). The effects on step 
cycle duration described for Figs. 5A, B and C are readily 
recognized in Fig. 5D. Step cycle prolongations are noted when 
stimulation starts either early in the swing phase or in the 
middle of the stance phase. A pulse train given in the middle of 
the swing phase caused a shortening of the step cycle. Again, as 
for Fig. 4, the lengthening of the ipsilateral step cycles was 
correlated with a lengthening of the contralateral cycles. In 
the stimulated limb there was a clear tendency for the prolonged 
or shortened step cycles to be followed respectively by a shorter 
or longer step cycle, indicating a return to the control rate of 
stepping. 

(ii) The strong stimuli produced, as mentioned above, 
a flexor reflex in the resting animal (Fig. 6A). Interestingly, 
however, the late flexor component of the flexor reflex often 
formed the first event in a series of steps (Fig. 6B). This 
suggests that these two phenomena, the late flexor reflex component 
and the locomotory flexor activity, have much in common and, in 
fact, may arise from the same spinal center (see Section 2.1). 

Fig. 6B also illustrates another common finding, namely 
that the late flexor reflex component was often preceded by a 
small amount of triceps surae activity. This “concealed” extensor 


reflex (Creed et aZ., 1932) could, at times when walking was not 
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Fig. 6. Stimulation of the plantar surface of the foot evoking 
a flexor reflex with an early and a late component in 
the resting animal (A) and in the animal starting to 
walk (B). Note similarity between the late flexor 
reflex component and the rhythmic flexor bursts. In 
(B) a "concealed" extensor reflex is seen just after 
termination of the stimulus train (St = 200 msec train 
of 0.5 msec pulses at 60 Hz). iE = ipsilateral 
triceps surae; iF = ipsilateral prebitial flexors. 
Large stimulus artefact yielded a DC shift in the iE 


trace. 
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very forceful, become so prominent as to completely over-shadow 
the late flexor reflex component, which then failed to appear. 
The "conversion" of a flexor reflex into an extensor spasm could 
occasionally occur in the resting animal, but was much more 
frequent in the walking animal, as was also observed by Lisin 
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(1) Weak stimult 

Similar results were obtained when the pad was stimulated 
instead of the plantar surface of the foot. At rest, weak pulses 
(60 Hz) applied to the plantar cushion for a period of 400 msec 
evoked a toe extensor reflex (Philippson, 1905; Engberg, 1964). 
Slightly stronger stimuli evoked ankle extension, indicating a 
transition from the toe extensor reflex to the extensor thrust 
(Sherrington, 1910). Finally, very strong stimuli evoked a flexion 
of the ipsilateral hindlimb (flexor reflex: Sherrington, 1910). 

Weak stimuli were now applied during walking, producing 
much the same results as in the case of the plantar foot stimulation. 
Stimulation starting during the period of activity of the ipsilateral 
flexors:resulted in a shortening of the step cycle of up to 20% 

(Fig. 7A, C), while stimulation starting during the activity in the 
ipsilateral extensors gave cycle prolongations of up to 30% 

(Fig. 7B, C). The larger scatter in Fig. 7C is probably linked to 

the more irregular walking during the period analyzed for Fig. /C, 


as compared to the period used for Fig. 5. In fact, the variability 
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Stimulus Onset 


ENhECt OT electrical Stimulation Of) tne pad ad ditterent 
moments in the step cycle. 


A. 


Pad stimulation starting during the flexor burst 
(iF) has an inhibitory effect on the amplitude and 
duration of the activity of the ipsilateral triceps 
surae (iE). The shortening of the step cycle is 
due to the short extensor burst while the flexor 


burst 1S unchanged. 


Stimulation of the pad during the ipsilateral 
stance phase. The ipsilateral extensor activity 
is prolonged and the next flexor burst is delayed, 
causing a prolongation of the step cycle. 


The changes in step cycle duration observed in A 
and B are plotted for a large sample of consecutive 
step cycles. Abscissa and ordinate as in Fig. 50. 
Stimulation starting in the period of flexor 
activity causes a Snorvening of thé Step cycle 
while stimuli applied during the extensor activity 
prolonestne Step cycle. Stimulus parameters are 
the same as for Fig. 5D but duration of pulse 

tram 1s, 400 msec. 
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oy tneweontrol cycles: for Fig. /C was mich larger’ (S,D. =95).7 msec 


or 7.4%, average cycle duration = 702 msec). 


(2) Strong stimult 

A slight increase in the stimulus strength caused a 
‘weak flexor reflex in the resting animal. During walking tne 
stimuli nad much the same effect as before, evoking flexor burst 
prolongations (Fig. 8A) and extensor burst prolongations, but in 
addition a new phenomenon was observed. As illustrated in Fig. 8B, 
some of the stimulus trains given during the flexion phase caused 
a brief flexor burst interruption followed by a resumption of the 
flexor activity. A response of this type corresponds to what 
Sherrington (1913) called "rebound" and consequently this term 
will be used henceforth to designate a response which consists of 
a brief inhibition of ongoing activity followed by an increased 
comeback of this activity. The flexor rebound activity was often 
remarkably similar to the rhythmically occurring flexor burst not 
only with respect to its duration but also with respect to its 


Shape as characterized by a gradual build-up of EMG activity. 


2.3.2 Nerve stimulation 
A. Hook electrodes 
In the previous section it was assumed tnat mostly 


cutaneous receptors would be stimulated by tne electrical shocks. 
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locomotory output of the intact hindlimb. Flexor 
burst prolongation (A) or rebound (B) was associated 


The effect of electrical stimulation of the pad on the 
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with prolongation, with (B) or without (A) interruption 


of the contralateral extension phase. Note the short 


duration of the flexion phase. Stimulus: 100 msec 


train of 1 msec pulses at 60 Hz. Symbols as in Fig. 4. 


Figure retouched to reduce stimulus artefact. 
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However, the possibility that underlying muscle was also activated 
could not be excluded. Therefore it was important to see if the 
previous results could be repeated by stimulating cutaneous nerves 
directly. Nerve stimulation has the added advantage that a better 
control can be exerted over the type of afferents stimulated (since 
the diameter of a nerve fiber is inversely related to its electrical 
excitability threshold). 

In order to ve able to directly stimulate hindlimb nerves 
during locomotion, it was necessary to fix the nindlimb containing 
the stimulated nerves (see methods). This manoeuver did not 
prevent tne rhythmic activation of the flexors and extensors in the 
fixed hindlimb, but it introduced some changes in the locomotory 
output. The burst of pretibial flexor activity which normally 
takes up only about one-third of the step cycle duration now could 
occupy more than 50% of the total cycle duration. This was mainly 
due to the ankle being fixed in an extended position or to the 
triceps surae being denervated, since proprioceptive input from 
the ankle extensors plays an important role in the determination 
of the duration of EMG burst in the pretibial flexors (see next 
chapter). The artificial prolongation of the flexor burst was 
actually more of an advantage tian a disadvantage since it allowed 
for the demonstration of certain reflex effects which are very 


hard to demonstrate with other techniques. 
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(1) Sural nerve 

(2) Weak stimulatton 

There are several reasons for starting with the study of 
Ee: SUiga WHEVVE ny FANS ys, thee Sura lanerve. dS. conSideréd.a pune 
cutaneous nerve, wnile cutaneous afferents from the pad join mixed 
nerves (tibial nerve). Secondly, the sural nerve innervates the 
Skin of the lateral part of the plantar foot (Hunt and McIntyre, 
1960) and this makes a comparison possible with results from the 
first part of tnis study. Tnirdly, with respect to the extensor 
reinforcing reflexes seen after skin stimulation during the stance 
pnase, it is of particular interest that there exists a well defined 
pathway from the low tnreshold sural nerve afferents to ankle 
extensor motoneurons (Lloyd, 1943; Wilson, 1963). Moreover, the 
skin areas innervated by the sural nerve (lateral plantar surface 
of tne foot, ankle, skin overlying the triceps surae) are likely 
to be activated during certain forms of locomotion such as walking 
in a crouched position. 

At rest, weak tetanic sural nerve stimulation evoked a 
reflex contraction of the ipsilateral isolated triceps surae witn 
a delay of 25 msec or less. This is in agreement with previous work 
by Hagbarth and Naess (1950), who showed that there is a facilitation 
of tne ankle extensors after 30 msec of repetitive stimulation of the 
sural nerve. To determine the type of afferent fibers involved in 
this extensor reflex, L7 dorsal root recordings were made in some 
animals. The afferent volley, evoked by threshold stimulation of 


the sural nerve, reached the dorsal root with a latency of 2.5 - 
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3 msec, indicating that fibers with a conduction velocity of 73 - 
88 m/sec were activated. Such fibers are amongst the largest found 
in tne sural nerve and they are presumably involved in the trans- 
mission of information about touch and pressure (Hunt and McIntyre, 
1960; Whitehorn et al., 1974). 

Trains of weak stimuli were then applied during the 
periods of walking (Fig. 9). When given during the swing phase, 
tne stimuli tended to reduce the amplitude and duration of the next 
extensor burst, causing a slight reduction in cycle duration. The 
most striking effect, however, was seen when stimulation was 
delivered during tne period of extensor activity. The pulse train 
both ennanced and prolonged the extensor activity and caused a 
prolongation of the cycle. Sometimes the prolongation was more 
marked tnan can be seen in Fig. 9, since several points fell 
completely beyond the scale of the ordinate of the graph. Such 
examples are illustrated in Fig. 10. A stimulus train given near 
the end of the stance phase prolonged the step cycle for almost 100%. 
This appeared to be due to deletion of one period of relaxation. In 
all cases wnere an ipsilateral flexor EMG was obtained it was noted 
that the flexor activity was completely suppressed during the 
prolonged step cycles. Moreover, omission of extensor relaxation 
occurred simultaneously with a complete (Fig. 10A) or partial 
(Fig. 10B) disappearance of the contralateral extensor activity. 

Tnese effects did not depend on the triceps surae nerve 
being intact or not. Fig. 11B shows how stimulation of the sural 


nerve at 2.5 x T increased the duration of the step cycle when 
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Fig. 9. Influence of weak tetanic sural nerve stimulation on the 
rhythmic contractions of ipsilateral ankle extensors and 
flexors during locomotion. Coordinates as in Fig. 5. 
The ipsilateral hindlimb being fixed, the "step cycle" 
duration is taken as the time between the onset of 
consecutive EMG bursts in the fixed pretibial flexors. 
Sural nerve stimulation starting during the contraction 
phase of the isolated triceps surae prolongs the 
triceps surae contraction and thus also the step cycle. 
Stimulation at an earlier time in the step cycle tends 
to shorten the step cycle. A 180 msec train of 1] msec 
pulses was used at 60 Hz. In the inset this same 
stimulus given to a resting animal is shown to produce 
a reflex contraction of the isolated triceps surae with 
a latency of 30 msec. An example of very pronounced 
step cycle prolongation falling completely beyond the 
scale of the ordinate of this graph is illustrated in 
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Fig. 10. Repetitive stimulation of the sural nerve at the end 
of the stance phase prevents the rhythmic relaxation 
of the ipsilateral triceps surae (iE). Concomitant 
with the prolongation of the ipsilateral extensor 
contraction there is a complete (A) or partial (B) 
inhibition of the contralateral extensor EMG (cE). 
For (A) a stimulus train of 280 msec (80 Hz) was 
used. In (B) 60 Hz stimulation was given for 
150 msec. The stimuli shown in (A) and (B) evoked 
an extensor reflex in the resting animal. (A) and 
(B) are from different cats but (B) is from the same 
cat as in Fig. 9. Force calibration is for the 
third trace in (B), showing the force exerted by the 
ipsilateral triceps surae (iE). 
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Effect of sural nerve stimulation on the duration of 
the ipsilateral flexor burst (A) and on the step 
cycle duration (B). Tibial nerve cut proximal to 
triceps surae nerve. St = 300 msec, 60 Hz, 0.05 
msec pulses. Data points referring to stimulation 
in the last 15% of the step cycle are omitted in B 
because the stimulus artefact made it impossible 

to determine reliably the onset of the flexor 
aCcIVIty « 
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applied during the extension phase of a cat with the triceps surae 
nerve cut. The effects on the duration of the flexor burst are 
tTiUstratedein big. alk. Clearly, the 2.5 [ Stimuli caused a 
shortening of the activity in the pretibial flexors. However, long 
trains (300 msec) were needed to demonstrate the flexor burst 
inhibitory effects and even then exceptions were noted since 
stimulation starting at the very beginning of the flexor burst 
failed to shorten the duration of the flexor activity and, in fact, 
prolonged it at times (Fig. 11A). The flexor burst prolonging 
effects for stimuli starting in the beginning of the flexion phase 
were even more pronounced when shorter trains of stimuli (100 msec) 


were used. 


(ba) Strong stimulation 

Wnen describing the results of strong stimulation of the 
plantar surface of the foot it was suggested that the late flexor 
reflex component and the locomotory flexor burst may arise from 
activity in a common center, tentatively called flexor "half-center" 
(Brown, 1914). If the latter suggestion is correct then it should 
be of interest to see what happens when this common flexor half-center 
is activated from different sources at the same time. Such a 
situation can be created by evoking a flexor reflex during locomotion. 
Locomotion provides a natural source of activation of the flexor 
half-center while periodic stimulation of the sural nerve with strong 
stimuli (75 x T) evokes a flexor reflex, hence providing a second 


(but artificial) way of activating the flexor half-center. 
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Theoretically one could expect two types of effects on the 
locomotory ray thm when combining artificial and natural ways of 
activating the flexor half-center. If tne flexor half-center formed 
merely an output stage of the stepping oscillator, present in each 
limb (see Chapter 1), then its artificial activation should not have 
much effect on the locomotory rhythm. On the other hand, if the 
flexor half-center is closely coupled or identical to the rhythm 
generating structure in each limb, then one would expect that the 
artificial activation of the flexor half=center would lead to a 
resetting of the rhythm in case such activation would not coincide 


with the natural rhythmic activation during locomotion. 


To elicit a flexor reflex the sural nerve had to be 
suimutaced by"7.5 x 1. Fig. 12 1)lustrates how stimulation at 10 
times this value (75 x T) affected the locomotory rhythm. Application 
of the stimulus during the occurrence of the ipsilateral burst of 
activity in the pretibial flexors prolonged the activity in these 
flexors so drastically as to cause a partial or total disappearance 
of the pause between two rhythmic flexor bursts (Fig. 12A). Often 


this made it difficult to decide whether one was dealing with one 


or two step cycles. Therefore, the effects of stimulation on the 


locomotory rhythm could better be judged by examining the contra- 

lateral side, where there was no ambiguity about the occurrence of 
esvep cyClenGince the stimul) onlyecaused a mild reduction O07 “the 
amplitude and/or duration of the triceps’ suraé-activity. Effects of 


stimulation on the contralateral step cycle duration, measured as 


the time between the onset of consecutive extensor bursts, were 
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Fig. 12. The effect of sural nerve stimulation at 7.5 x T on the 
stepping rhythm. A: Example of stimulus trial. Stimulus 
delay (iD or-cD) indicates time between onset of ipsilateral 
flexor burst (iF) or contralateral extensor burst (cE) and 
the onset of stimulus train (100 msec train of 0.05 msec 
DuUISsessat OU Hz)s. Bars. on Cop or ah indicate expected 
occurrences of flexor bursts, while "resetting index" 
indicates difference between expected and actual onset 
of flexor bursts. B, C and D: Plots of resetting index 
for contralateral and ipsilateral step cycles. SD = 
variability of control cycle durations. St = duration of 
stimulus train expressed as a per cent of average control 
cycle. Further description in text. 
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limited to two step cycles: the step cycle during which stimulation 
was applied (first cycle or "d" in Fig. 12) and the next cycle 
(second cycle, ending at the end of "e"). The duration of the third 
cycle (starting at the end of "e") differed on the average less than 
0.2% from the control duration ("c"). The induced changes in the 
duration of the first contralateral cycle were highly dependent on 
the time of stimulus application within the step cycle (stimulus 
delay, cD). As shown in Fig. 128, most stimuli caused a shortening 
Gr ie Tirsu cycle with respect to the control ("ce js but stimulus 
trains started at the beginning or at about 40% of the cycle yielded 
much less shortening while stimuli given at the end of the cycle 
actually caused a cycle prolongation. The Sadun (ay the second cycle 
was mostly a shortening effect so that a plot of the changes produced 
in the total duration of the first and second cycle ("e") showed an 
even greater tendency in the direction of shortening than the plot 
of the first cycle (Fig. 12D versus Pig. 12B). ‘Since stimulation 
did not affect the duration of cycles following the second cycle, it 
follows that plots of the changes in the total duration of the first 
3 or 4 cycles would essentially be identical to Fig. 12D except for 
larger scatter due to increased variability. For this reason, and 
also because Fig. 12D compares the total duration of the first and 
second cycle with the expected duration of these two cycles 
(prediction based on taking twice the duration of the step cycle 
preceding stimulation), one can read Fig. 12D as a plot of the 


resetting of the contralateral rhythm. 


Ipsilaterally, the onset of the burst of activity in the 
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pretibial flexors was closely correlated with the onset of the 
contralateral extensor activity. This made it possible to estimate 
which was the end of the second ipsilateral cycle corresponding 
with the end of the second contralateral cycle in cases where such 
decision was difficult to make solely on the basis of ipsilateral 
records fpig. 12h) The plot of the changes in the total duration 
of the estimated first two ipsilateral cycles ("b") versus the 
time of stimulus application ("iD") was very similar to the 
corresponding contralateral plot (Figs. 12C and D) indicating a 
strong coupling between ipsi- and contralateral rhythms. Minimum 
resetting effects were observed when the flexor reflex was evoked 


just prior to or at the beginning of the ipsilateral flexion 


phase. 


(2) Tibial nerve 

(a) Weak stimulation (up to 2.5 x T) 

Low intensity stimulation of the tibial nerve at the knee 
(proximal to the triceps surae nerve junction) produced a prolongation 
of the extensor burst if the stimuli were applied during the 
extension phase. If applied at the end of the flexion phase the 
same stimuli induced an early termination of tne flexor EMG burst 
and a premature onset of the extensor burst, which had a prolonged 
duration (Fig. IoA). The silencing of the EMG of the ipsilateral 
pretibial flexors occurred with a short latency of 35 - 50 msec, 
making involvement of supraspinal loops possible. The premature 


onset of the extensor activity was observed for both the semimembranosus 
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Changes in duration of the burst of activity in the 
pretibial flexors due to 2.5 x T stimulation of the 
tibial nerve at different times in the step cycle. 
Polygraph example in A illustrates how a stimulus 
train (horizontal bar = 200 msec, 12 pulses of 

0.05 msec at 60 Hz) given in the middle of the 
flexion phase causes the flexor burst to end earlier 
than expected and the extensor burst to start pre- 
maturely. 1F = ipsilateral pretibial flexors; iE = 
ipsilateral semimembranosus; cE = contralateral 
triceps surae. The activity in iE during the flexion 
phase is due to pick-up of electrical signals from 
the nearby semitendinosus. The tibial nerve was cut 
proximal to the point where the triceps surae nerve 
joins the tibial nerve. However, the results were 
identical if recordings were made of the triceps 
surae instead of the semimembranosus in experiments 
where the tibial nerve was cut at the ankle, leaving 
the innervation of the triceps surae intact. In B 


a large number of trials such as seen in A were 
plotted according to the time of stimulus application 
in the step cycle (x axis represents the time between 
the beginning of the step cycle and the onset of 
stimulation). The durations of the flexor bursts are 
seen to be shortened (lower half of plot) for stimuli 
given during the last part of the flexion phase 
(arrow "A" represents the example given at the top 

of the figure). The variability of the flexor burst 
durations can be evaluated from the data points on 
the right side of the plot ("extension") since these 
points represent the durations of the flexor burst in 
step cycles where the stimulation was given after the 
occurrence of the flexor burst. In addition, a 
measure of the variability is given by the two 
horizontal dotted lines which are 1 SD removed from 
the zero horizontal line (SD calculated from flexor 
burst durations in step cycles without any stimu- 
lation). The bar marked "St" represents the duration 
of the stimulus trains as a percentage of the average 
control step cycle. Average duration of flexion 
phase = 618 msec or 52% of the duration of the 
control step cycle (= 1179 msec). 
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and the triceps surae. The latter observation seems rather Surprising 
Since, to our knowledge, there are no reports of reflex activation of 
the semimembranosus by activation of tibial nerve afferents. However, 
it snould be kept in mind that our knowledge of reflex connections 

is largely restricted by the use of immobile animals. The walking 

cat differs from these immobile preparations in that during locomotion 
the limb acts as a whole and thus one can expect that reflex actions 
may be much more widespread so as to involve the activation of 
particular spinal coordinating centers ("half-centers", Graham Brown, 
1914). | 

The suppression of the flexor EMG was, however, restricted 
to stimuli given after the first quarter of the flexion phase. 
Stimulation applied during the first quarter of the flexion phase 
yielded a prolongation of the flexor burst instead (Fig. 2; Fig. 13B 
upper data points). 

The timing of the breakpoint between evoked flexor burst 
prolongations and shortenings depended on the stimulus strength. For 
weaker stimuli (1.6 x T) shortening of the flexor burst only occurred 
in the period following the first 32% of the step cycle, compared 
with 15% when the stimulus strength was 2.5 x T. The lowest 
threshold encountered for flexor burst shortening was 1.17 x T 
(5 cats): 

The prolonged or shortened flexor bursts were followed by 
shortened or lengthened extensor bursts respectively (Fig. 14A). As 
a result, the duration of the step cycles showed relatively smal] 


changes as compared to the large changes in the flexor burst duration 
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Position of Stimulus in Step Cycle (%) 


Same cat and same sequence as Fig. 13, but analyzed 
for changes in duration of the ipsilateral extension 
(iE) and of the step cycle. Notice that stimuli 
applied during the flexion phase have either a 
shortening or prolonging effect on the following 
extensor burst. Stimulus same as in Fig. 13. 
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(Fig. 14B versus Fig. 13B). Nevertheless, there was a tendency for 
step cycle prolongations with stimuli given in the beginning of the 
flexion phase and for step cycle shortenings with stimuli given in 
the middle of the flexion phase. As expected from aforementioned 
results on pad stimulation, a prolongation of the step cycle was 
noticed for tibial nerve stimuli given during the extension phase 
(Fig. 14B). On the contralateral side a shortening of the extensor 
burst occurred in conjunction with a shortening of the ipsilateral 
plexor. burs & (hig. sIcA): 

Since the tibial nerve contains afferents from the pad, 
one can ask whether the flexor burst rebound, observed after pad 
stimulation during the flexion phase (Fig. 8B) could also be seen 
after tibial nerve stimulation. Fig. 15A shows that this was indeed 
the case. In the experiments of Fig. 15A the flexor burst rebound 
did not always occur when stimuli at 2.3 x T were applied at about 
the same time in other step cycles. Instead the stimuli could evoke 
a premature ending of the flexor burst and an early onset of extensor 
activity as described in Fig. 13A. However, no responses were 
apes representing a transition between the flexor burst rebound 
response and the flexor burst shortening response. This stronaly 
suggests that the mechanism underlying the generation of the first 
part of the flexor burst operates in an all-or-none fashion. 

The question arises whether the flexor burst prolongations 
observed with tibial nerve stimulation at the beginning of the flexor 
burst (Fig. 2) are fundamentally different from the flexor burst 


rebound described in Fig. 15A. Rebound usually arises in a 
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Rebound of flexor (A) and extensor (B) activity due 
to stimulation of the tibial nerve during the flexion 
(A) or extension (B) phase. if = pretibial flexors; 
iE = ipsilateral triceps surae; cE = contralateral 
triceps surae. Note the characteristic built-up 
shape of the normal and rebound flexor burst while 
the rebound burst of activity in the triceps surae 
does not resemble the normal extensor burst. 
Stimulation: 100 msec train of six stimuli, each 
0.05 msec, at 60 Hz. Tibial nerve cut at ankle, 
leaving triceps surae innervation intact. Ankle 
fixed in extended position. 
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contracting muscle after an inhibitory stimulus has caused some 
initial relaxation. However, Brown (1911) and Sherrington (1913) 


have both described examples of flexor "rebound" occurring in the 


absence of flexor relaxation during the stimulus application. The 
presently observed flexor burst prolongations may be the result of 

a similar type of "rebound" with concealed inhibition but the question 
then arises whether one can still use the term "rebound" in this 


respect (see definition on page 33). 


(b) Strong stimulation (3.5 x T) 

Rebound phenomena were not limited to flexors and to 
stimulation during tne flexion phase but were also observed in tne 
triceps surae when the tibial nerve was stimulated during tne 
extension period (Fig. 15B). However, the triceps surae rebound 
differed from the rebound in the pretibial flexors in that much 
higher stimulus intensities (3.5 x T) were needed for the triceps 
surae rebound. In contrast to the flexor burst rebound which caused 
the total duration of the flexor burst to be prolonged, the triceps 
Surae rebound was correlated with a shortening of the total duration 
of the extensor burst. Clear evidence for rebound was only obtained 
for the triceps surae and not for the semimembranosus. 

The finding of triceps surae burst rebound suggested that 
at 3.5 x T afferents were recruited which were inhibitory to the 
extensor burst generating system. Further support for the existence 
of such inhibitory connections came from the observation that 
stimuli at 3.5 x T given during the flexion phase caused the coming 


extensor burst to be shorter or to disappear altogether. This 
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reduction in extensor activity was associated with an increase in 
flexor activity. Hence, as illustrated in Fig. 16A (bottom), 
stimulation at 3.3 x T at the end of the flexion phase caused the 
space between two flexor bursts to be occupied by reflex flexor 
activity, replacing the absent extensor burst and creating an 
abnormally long following flexor burst. This type of prolonged 
flexor burst was first seen for 3.3 x T stimuli given at the 
breakpoint between evoked flexor burst prolongations and evoked 
flexor burst shortenings (Fig. 16B). 

Further increases in stimulus strength accentuated the 
tendency towards suppression of the extensor burst and prolongation 
of the flexor burst until a point was reached where long sustained 


flexor responses completely interrupted the locomotory output. 


(3) Posterior ttbtal nerve 

By stimulating the tibial nerve at the knee one cannot 
rule out that muscle afferents from the triceps surae contributed to 
the observed effects. Therefore, the posterior tibial nerve at the 
ankle was stimulated under the same conditions to see if any 
differences in results could be detected. 

Stimulation of the posterior tibial nerve (2 x T) yielded 
a reflex activation of the ipsilateral triceps surae with a latency 
of 31 - 57 msec, resulting in a premature onset of the triceps surae 
activity when the stimuli were given at the end of the flexion phase. 
Rebound was seen both in the pretibial flexors and in the triceps 


surae (the semimembranosus was not recorded from in these experiments). 
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Position of Stimulus in Step Cycle(%) 


Effect of tibial nerve stimulation at 3.3 x T on the 
duration of the ipsilateral flexor burst. Stimuli 
given in the beginning of the flexion period caused 
a flexor burst prolongation (@) while stimuli 
delivered at a later time in the flexion period 
evoked a flexor burst shortening (O in A). The 
third type of response (A) was caused by the 
elimination of the normally occurring relaxation 
period between flexor bursts. The absence of flexor 
relaxation in the third type of response was 
correlated with the absence of an extensor burst. 
The occurrence of these three types of responses 

was related to the time interval between the onset 
of the step cycle and the onset of stimulation (B). 
Same cat as in Figs. 13 and 14. 
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It thus seems that the effects obtained with tibial nerve 
Stimulation at the knee are largely due to the activation of 
afferents already present in the posterior tibial nerve before the 


junction of the triceps surae nerves. 


(4) Common peroneal nerve 

Although the common peroneal nerve probably contains 
afferents producing an extensor reflex (see section on chronic 
cats in this chapter), it was clear that most of the fibers in this 
nerve had flexor burst prolonging and extensor burst shevtenine 
effects when stimulated in the fixed hindlimb during locomotion. 
In the example given in Fig. 17A, stimulation of the common peroneal 
at 1.7 x T at the end of the flexion phase is seen to inhibit 
completely the following burst of activity in the semimembranosus. 
Coinciding with the absence of an extensor burst, a reduction in the 
relaxation period between flexor bursts is seen which induces the 
impression that the flexor burst following stimulation occurs at an 
earlier time tnan expected. This response was identical to the 
response described in Fig. 16A (bottom) for tibial nerve stimulation 
at 3.3 x T. The flexor burst prolonging and extensor burst shortening 
effects of common peroneal stimulation are further illustrated for 
a large number of stimulation trials in Fig. 17B taken from an 
experiment in which the extensor burst suppression was less dramatic 
than in the example of Fig. 17A. Shortening of the duration of the 
extensor burst resulted from stimulation during or before the 


extension phase. In contrast, stimulation during or before the 
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Figure 17. 


Effect of stimulation of the common peroneal nerve at 
1.7 x T on the step cycle. In A stimulation was given 
at the end of the flexion phase, resulting in a 
complete suppression of the following EMG burst in the 
extensors (iE = ipsilateral semimembranosus). The 
absence of an extensor burst led to the premature 
onset of the next flexor burst (iF = ipsilateral 
pretibial flexors), while stepping at the contralateral 
Side was not affected (cE = contralateral triceps 
surae). In B, taken from another experiment with 

less drastic extensor burst suppressing effects, the 
stimulation of the common peroneal nerve (1.7 x T) 

is shown to result in changes in the duration of the 
flexor and extensor bursts (iF, iE), depending on the 
time of stimulus application. The-effects on the 
flexor burst were examined for stimuli given before 

or during the flexor burst while the effects on the 
extensor burst were studied for stimuli given before 
or during the extensor burst. The "1 SD" line above 
the zero horizontal line is for the flexor bursts, 
while the "1 SD" line below is for the extensor 
bursts. St = 100 msec train of 0.05 msec pulses 

at so0RHZ. 
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flexion phase caused a flexor burst prolongation. Despite the pro- 
nounced changes in burst duration, there was only minimal disturbance 
of the locomotory rhythm. Prolongations of the flexor burst due to 
stimulation during the flexion phase were linked to shortening of 

the following extension phase. Similarly, shortening of the 

extensor burst due to stimulation during the extension phase was 
linked to prolongation of the coming flexor burst. In either case, 

a change in duration in one phase was partly compensated for by an 
opposite change in the duration of the next phase and the result was 


that the stepping rhythm was minimally perturbed. 


(5) Cutaneous surae lateralis nerve 

This small cutaneous nerve perforates the biceps muscle 
before innervating the lateral side of the knee. Its electrical 
stimulation during locomotion yielded results which were quite 
similar to the results described for the common peroneal nerve. 
Stimulation (4.4 x T) before or during the extension phase shortened 
the duration of the extensor burst (Fig. 18A) while stimulation 
applied before (Fig. 18B) or during (Fig. 18C) the flexion phase 
prolonged the duration of the flexor burst. These changes were 
correlated with a shortening of the step cycle, especially when 


stimuli were given near the transition from flexion to extension 


(Fig. 18D). 
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Effect of stimulation of the cutaneous surae lateralis 
nerve on the duration of the extensor and flexor 
bursts during locomotion. 
duration of the flexor burst following stimulation 
were plotted while (C) shows the changes in the 
duration of the flexor burst during the step cycle 
in which stimulation was started. 
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(6) Flextbility in the structure of the step cycle 

Tne results on weak stimulation of the plantar surface of 
the foot, the pad and the nerves innervating this area in the pre- 
mammillary cat indicate that the locomotory system tends to keep the 
stepping rhythm constant despite large flexibility in the durations 
of the different phases of the step cycle. Evoked prolongations in 
one phase could occur at the expense of the duration of another 
phase without necessarily interfering with the duration of the total 
step cycle. This flexibility was further highlighted by some 
occasional observations of spontaneous disappearances of extensor 
bursts in the fixed hindlimb in animals which showed weak stepping 
of the right hindlimb and which had the left tibial nerve cut. 
Typically the absent extensor burst was followed by.a flexor burst 
which was on the average 39% longer than the control flexor burst 
(N=18; Fig. 194, B). The prolonged flexor burst was preceded by a 
shorter flexor silence, in association with tne absent extensor burst. 
When the prolonged flexor burst duration was added to the duration 
of the short silent phase, the resulting "step cycle" differed only 
2% from the preceding control "step cycle", indicating that the 
absence of the extensor burst had very little effect on the loco- 
motory rhythm. Note that here the term "step cycle" exceptionally 
refers to a flexor relaxation and contraction, where previously "step 


cycle" indicated a flexor burst plus the following extensor burst. 


B. Cuff electrodes 


The hook electrodes have the disadvantage that the hindlimb 
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Spontaneous disappearance of EMG burst in semi- 
membranosus from the fixed hindlimb of a walking 
premammillary cat (A). Histogram in B compares 
the durations of flexor activity and flexor non- 
activity for situations where the extensor burst 
disappeared spontaneously ("No ext EMG") or was 
preset ("Control"). Average flexor burst duration 
(N = 18) = 692 msec (SD = 93) for "No ext EMG" 

and 498 msec (SD = 46) for "Control". 
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has to be fixed, which introduces some deformations of the normal 
locomotory output. Ideally one should apply graded electrical 
stimuli directly to the nerves of a limb which can move freely 
during locomotion. Such experiments have become possible since 
the development of electrode cuffs which can be implanted acutely 


or chronically around different nerves (Stein et al., 1975). 


(1) Acute experiments 

Only three of the four premammillary cats with implanted 
cuffs walked sufficiently well to produce consistent results and 
none walked well enough to allow much quantitative data treatment. 
Two cats had a cuff around the posterior tibtal nerve (just above 
the ankle). Tne neural activity recorded from the intact nerve 
Showed a very characteristic short burst of activity each time the 
pad toucned the treadmill belt at the beginning of the stance phase 
(Fig. 20A). The sharp onset of this burst made it ideal as a marking 
point for the onset of the stance phase. Typically, activity in the 
ankle extensors started some 60 - 80 msec prior to the burst of 
neural activity at foot contact (Fig. 20A). This is in agreement 
with Engberg and Lundberg (1969), who showed that in the normal 
walking cat, extensor activity starts shortly before placing the 
foot on the ground. 

The effects of short periods of tibial nerve stimulation 
on the locomotory output depended on the timing and intensity of the 
stimuli. Stimuli at 1.3 x JT sometimes were sufficient to induce 


changes in the motor pattern but usually stimuli at 2 x T were needed. 
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ETrgiac20 eeStimulation of wthe posterior tibial nerverin’a 
walking premammillary cat. Stimulation during the 
flexion phase either prolonged (A) or shortened (B) 
the flexion phase, while stimuli applied during the 
extension phase yielded a prolongation of the 
extension phase (C). St = stimulus (six pulses of 
0.05 msec at 60 Hz); iE = ipsilateral triceps 
surae; iF = ipsilateral pretibial flexors; 

PT = posterior tibial neural activity. Arrows: 
time between onset of flexor activity and neural 
PT burst corresponding to foot contact. 
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Fig. 20 illustrates the changes which could occur when the posterior 
tibial nerve was stimulated at 2 x T at different times of the step 
cycle. 

Stimulation during the flexion phase (corresponding to the 
occurrence of a flexor burst) either prolonged or shortened the 
duration between the onset of flexion and the onset of extension (or 
onset Of neural’ burrs t® corresponding to Toot contact). \Inethescase 
of prolongation (Fig. 20A) the flexor activity was temporarily 
suppressed after a period of 40 - 50 msec following the onset of the 
stimulus train but flexor activity reappeared after the suppression. 
In the case of shortening (Fig. 20B) the flexor burst was not 
necessarily affected but extensor activity appeared sooner than 
expected on the basis of following or preceding step cycles. For 
ten subsequent trials of stimulation during the flexion phase (from 
the experiment of Fig. 20B), nine showed a shortening and one a 
prolongation of the duration between onset of flexion and onset of 
extension (average shortening = -15%; S.D. = 11). When given during 
the extension phase (corresponding to the burst of activity in the 
ankle extensors), the stimuli often produced no effect at all but 
occasionally a prolongation of the extension phase occurred (Fig. 
20C). It is noteworthy that the 2 x T stimulation clearly inhibited 
periodic flexor spasms, occurring when the quality of locomotion 
deteriorated. At rest, the stimuli could evoke a flexor reflex. 

In general, the changes in locomotory output were much 
less prominent than in the stimulation experiments with fixed hindlimb, 


presumably because in the latter experiments there was less competition 
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of afferent input from different sources due to the immobilization. 
Nevertheless, the results obtained with cuff electrodes on the 
posterior tibial nerve seem to confirm, in general, the results 
obtained with hook electrodes (previous section). However, in the 
cuff experiments no clear breakpoint was found so far between evoked 
flexor burst prolongations and evoked flexor burst shortenings. 

In one cat a cuff was implanted around the common peroneal 
nerve. Only strong shocks were applied, causing a flexor reflex 
during the periods of walking. This led to a drastic reduction 
in the duration of the contralateral flexor burst which was 
shortened to 48% of its normal value (average of 50 trials). Once 
the ipsilateral withdrawal reflex was terminated, the duration of 


the contralateral flexor burst returned to normal. 


(2) Chronic experiments 

(a) Posterior tibial nerve 

Two normal cats had a cuff installed around the posterior 
tibial nerve above the ankle but below the junction of the triceps 
Surae nerves. When stimulated during locomotion both cats showed 
the same type of reaction but most data were collected on one cat, 
represented in Figs. 3 and 21. 

Stimulation of the posterior tibial nerve at 1.4 x T 
during the flexion phase caused the onset of the activity in the 
ankle extensors to be delayed, especially when stimuli were applied 
at the end of the flexion phase (Fig. 21 left). This extension 


delaying effect was much more pronounced when the stimulus strength 
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Figer2 aneEffectbiof posterior tibial nerve stimutatian onethe 


duration of the step cycle phase during which 
stimulation is applied. Stimuli: six pulses (0.05 
msec) at 60 Hz. Pooled data from six experimental 
sessions (one preceding the cutting of the nerve 
and five during the month following the cutting). 
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Was “ratsed Lo’2=x "T CFigs 2) arightiy ‘Sindee Wo effexor “eMGrwas 
available the flexion phase was defined as the pause between two 
consecutive bursts of activity in the ankle extensors. To check if 
the prolonged flexion phase really corresponded to increased periods 
of flexion during the swing phase, high speed cinematography was 
used to verify the movements of the foot following stimulation. As 
Shown in Fig. 3, the distance between the treadmill] belt and the 
most distal point of the limb increased by about 100% following 
stimulation of the posterior tibial nerve at the end of the flexion 
phase. There is thus no doubt that the prolongation of the flexion 
phase corresponded with an additional flexion movement of the 
stimulated hindlimb. 

The effects of stimulation of the posterior tibial nerve 
during the extenston phase were very dependent on the stimulus 
Strength. At 1.4 x T there was a tendency for the extension phase 
to be prolonged by the stimulation. At 2 x T there were two types 
of reactions following stimulation: either there was an immediate 
placing of the contralateral hindlimb followed by a flexion of the 
stimulated hindlimb (causing the ipsilateral extension phase to be 
shortened) or else the stimulated hindlimb "sagged" for a short time 
after which extension resumed (causing the total duration of the 
extension period to be prolonged; Fig. 3, bottom). The occurrence 
of the latter response was probably related to the contralateral 
hindlimb not being ready to take up the support of the animal but 
not enough filmed material was available to prove this point. On 


the other hand, the filmed data clearly showed that the stimulation 
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can induce a drastic shortening of the contralateral flexion move- 
ment. The effects of posterior tibial nerve stimulation on the 
phase following the phase during which stimulation was started were 


very variable and statistically not significant (see methods). 


(i) Stngle pulses 

The application of trains of stimuli has the disadvantage 
that a long stimulus artefact is produced, making it often impossible 
to distinguish between EMG signals and stimulus artefact. This is 
the reason why Fig. 21 contains so few data points corresponding to 
stimulus application during the last 20% of the extension phase. 

When single pulses are used instead of trains of pulses, 
one can reduce the duration of the stimulus artefact but higher 
stimulus intensities are required to obtain behavioral effects. As 
shown in Fig. 22, single pulses at 3 x T applied to the posterior 
tibial nerve had little effect on the duration of the flexion phase 
but markedly prolonged the duration of the extension phase, especially 


when applied during the latter parts of the extension phase. 


(b) Sural nerve 

Stimulation of the sural nerve in the normal cat with 
implanted cuffs around the sural, common peroneal and sciatic nerves 
yielded results as Shy ib gue sepeAtenest ad train ror pulses at 
1.1 or 1.2 x T evoked a reflex activation in the extensor EMG picked 
up by the common peroneal cuff overlying the lateral gastrocnemius 


muscle (Fig. 23). During locomotion the same stimuli could cause a 
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Posterior Tibial Nerve 
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Fig. 22. Effects*of's ingle pulses to. the posverion tibial nerve 


on the duration of the step cycle phase in which 
stimulation is applied. Construction of plot as in 
Fig. 21. Data based on one experimental session, 2 
months after cutting the nerve. Note prolongation of 
extensor phase for stimuli applied after the first 
40% of the extension phase. 
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Sural nerve stimulation (1.2 x T) evoking a triceps 
surae reflex in the normal resting cat (A) and in the 
walking cat during the stance phase (B). Sc = 

neural activity in the sciatic nerve; iE = ipsilateral 
triceps surae; St = six pulses of 0.01, msec at 60) Hz. 
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dramatic increase in the amplitude of the extensor EMG bursts at 

least when stimuli were applied during the extension phase (Fig. 23B). 
If the changes in the duration of the flexion and extension 

phases were plotted versus the time of stimulus application, a plot 

as seen in Fig. 24 was obtained. Stimulation during the flexion 

phase tended to shorten the duration of the flexion phase, while 

stimulation during the extension phase generally shortened the 

extension phase when given at the beginning of the extension phase 

(probably correlated with the first extension phase) but prolonged 

the extension phase when given near the middle of the extension phase. 

Due to the stimulus artefact it was not possible to examine the effects 


of stimulus trains started in the last part of the extension phase. 


(c) Common peroneal nerve 

In one normal cat the cut common peroneal nerve was stimu- 
lated with 1.1 x T at rest and during locomotion. The EMG of the 
ankle extensors, recorded from outside the cuff around the sural 
nerve, showed a reflex activation in the resting animal (Fig. 25, top). 
This reflex activation was much more conspicuous when the stimulation 
was applied during the stance phase (Fig. 25, middle). The increased 
amplitude of the EMG burst from the ankle extensors during the 
extension phase was sometimes correlated with a shortening of the 
extensor burst but eres a prolongation occurred. 

In addition, stimulation of the cut common peroneal at 
1.1 x T during the extension phase evoked at times a reaction similar 


to what Sherrington (1906) described as the "shake reflex" (Fig. 25, 
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24. Effect of sural nerve stimulation on the duration of 
the flexion and extension phases of normal walking 
cat. Stimuli: six pulses (0.01 msec) at 60 Hz. 
Large stimulus artefact prevented analysis of 
stimulus trials where pulse train was started at the 
end of flexion or extension phase. Data from two 
experimental sessions. 
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Stimulation of the intact common peroneal nerve at 
1.1 x T in the normal cat with implanted neural cuff. 
(A) at rest, (B) and (C) during the stance phase of 
walking. Same symbols and same cat as in Fig. 23. 
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bottom). Before initiating the swing phase the limb was shaken a few 


times as if to shake some imaginary water from its foot. 


2.4 Diseusston 
2.4.1 The extensor reflex and the extension phase 

Electrically stimulating the pad or the plantar surface of 
the foot of a resting premammillary cat evokes a reflex contraction of 
the ipsilateral ankle extensors, while the same stimuli applied 
during the hindlimb stance phase of a walking cat prolong the ongoing 
Stance by extending the period of extensor activity and delaying the 
following flexion. These observations support the idea that extensor 
reflexes elicited from the skin of the distal limb indeed participate 
in locomotion (see introduction). The actions from the pad and 
plantar side of the foot during the stance are essentially twofold: 
firstly, there is an increase in the intensity of the ongoing 
extension; secondly, there is a delay in the onset of the flexor 
activity. Both actions seem particularly useful for an animal walking 
over an unpredictable surface. An unexpected extra loading of the 
hindlimb during the stance phase will provide extra stimulation of 
the cutaneous receptors of the pad or the plantar surface of the 
foot, and this in turn will lead to a reflexly evoked increase in 
extensor activity, counteracting the load. Furthermore, the presence 
of extra stimulation to the pad or the plantar surface of the foot 
will delay the moment at which the foot is lifted from the ground 
(swing). 


The results obtained with stimulation of the pad and 
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plantar surface of the foot could be duplicated in premammillary cats 
using electrical stimulation of the nerves innervating these skin 
areas (Table 1). In addition, the nerve stimulating experiments 
indicated that the extensor reflexes in the resting and walking 
animal are critically related to the activation of the larger 
afferents within these nerves. Strong connections from low threshold 
sural nerve afferents to triceps alpha (Hagbarth, 1952; Wilson, 1963; 
Burke et al., 1973) and gamma motoneurons (Eldred and Hagbarth, 1954; 
HuntwandsPaintal., 1958: Barrios ef al., 1969) are known to exist. 
Moreover, monosynaptic ankle extensor reflexes are facilitated by 
volleys in the sural nerve (Bernhard, 1947). However, the latter 
facilitation of triceps surae reflexes is not essential in the 
explanation of the present results since cutting the nerve to the 
triceps surae did not prevent the prolongation of the step cycle and 
the delay of the next flexor burst when the sural nerve was stimulated 
with 2.5 x T (hook electrodes). 

In the normal cat with implanted cuff electrodes it was 
found that low threshold stimulation of the sural (1.2 x T) and 
posterior tibial nerve (1.4 x T) increased the amplitude and/or 
duration of the EMG activity in the ankle extensors during the stance. 
In addition, however, it was noted that the same effect could be 
obtained with low threshold stimulation of the common peroneal nerve 
(1.1 x T), which indicates that even large afferents from the dorsum 
of the foot may provide additional extensor excitation during the 
stance. This is consistent with the results of Forssberg et al. 


(1975), who found that stimulation of the dorsum of the foot during 
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the stance phase increased the amplitude of the extension in chronic 
Spinal cats. 

The fact that extension promoting effects were obtained 
from many different nerves in the adult cat is probably a remnant 
of the strong and widespread cutaneous extensor reflexes of the 
immature kitten. According to Ekholm (1967), the source of the most 
effective excitation of extensor motoneurons shifts postnatally from 
cutaneous exteroceptors to muscle proprioceptors, a change which 
coincides with the development of the gamma motor system. It might 
then be expected that cutaneous reflexes have evolved to occupy 
functions in parallel with proprioceptive reflexes, appearing at a 
later stage. In the adult animal extensor reflexes are indeed 
readily evoked by stimulating muscle nerves as well as cutaneous 
nerves (Sherrington and Sowton, 1911). A close parallelism in the 
actions from exteroceptors and proprioceptors is likely to explain 
why so little deficit was seen in the experiments with denervation 
or anesthesia of the skin of the foot (Sherrington, 1910; Engberg, 


1964). 


2.4.2 Reflex modulatton of the flexion phase 

When the same stimuli which evoked an increase in the 
amplitude and/or duration of the extensor activity during the stance 
were applied during the swing phase, two types of results were 


obtained (Table 1): either the flexion phase was shortened or else 


it was prolonged. 
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(A) Shortening of the flexion phase 

In the acute premammillary cat with fixed hindlimb, low 
intensity stimulation of the tibial or sural nerve at the end of the 
flexion phase was seen to reduce the duration of the ongoing burst 
of activity in the pretibial flexors while at the same time inducing 
a premature onset of the EMG burst in ankle and hip extensors 
(triceps surae and semimembranosus; Fig. 13). This observation 
could hardly have been predicted on the basis of reflex pathways 
unveiled by experiments on immobile animals. Hamstring muscles in 
anesthetized cats receive reflex excitation by low intensity stimu- 
lation of the nerves to ankle and toe extensors (Eccles e¢ al., 
1957) but are not known to receive excitatory connections from 
leggessuratenierverarrerents. It thus Seems thatethera wayebe 
fundamental differences between the central reflex actions of 
walking and immobile animals. Presumably this is due to reflex 
connections with spinal coordinating centers which are activated 
during locomotion but inactive in the immobile animal. Centers of 
this type have been termed “half-center" by Graham Brown (1914). 
Originally the term "nalf-center" was used sometimes to designate 
motoneuronal pools, but when the term was reintroduced by Jankowska 
et al. (1967b) it was used in the sense of mutually inhibitory inter- 
neuronal networks intercalated between primary afferents and moto- 
neurons. In keeping with Jankowska's use of the term, "Flexor Half- 
Center" (FHC) and "Extensor Half-Center" (EHC) will be used here to 
designate two mutually inhibitory groups of interneurons responsible 


for the generation of rhythmic bursts of activity in flexor and 
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extensor muscles respectively. So far then, the present results can 
be explained if large cutaneous afferents in the Sural, tibial and 
peroneal nerves make inhibitory connections with the FHC and 
excitatory connections with the EHC, since such connections can 
account for the prolongation of the extension phase when stimuli are 
given during the stance and for the shortening of the flexion phase 
when stimuli are given at the end of flexion. 

The question remains why the flexor burst shortening for 
stimuli given during the flexion phase was so much more obvious in 
the experiments with fixed hindlimb. As already pointed out in the 
"results" section, the answer is related to the fact that fixing the 
hindlimb increased the relative duration of the flexor burst within 
the step cycle. Secondly, the situation with fixed hindlimb is a 
Simplified situation in that there is a drastic reduction in the 
total amount of afferent input due to the fixation. Nevertheless, 
it seems that lange cutaneous afferents may also inhibit the FHC 
in animals with freely moving limbs since a shortening of the flexion 
phase was found in normal chronic cats with a cuff implanted 
around the sural nerve. On the other hand, the chronic experiments 
with a cuff around the posterior tibial nerve never yielded a 
shortening of the flexion phase for stimuli applied during flexion 
(Table 1). It has to be kept in mind, however, that some large 
afferents may have been damaged preferentially due to mechanical 
block in the chronically implanted cuffs (Stein et al., 1976). 
Moreover, the cutting of these nerves in the latter experiments may 


also have contributed to a loss of larger afferents since there was 
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a decrease in the conduction velocity after denervation (Stein, 
personal communication). One must be cautious, therefore, in 
comparing the thresholds of the nerves in the normal and acute 
animals“and it" 1s: quite possible thatttne 4 xT and 2% T 
stimulation in the normal cat activated a lot more small afferents 
than stimulation with the same parameters in the acute cat. 

What then is the functional significance of the shortening 
of the flexion phase by activation of large cutaneous afferents? 
If the foot touches the ground earlier than expected during the 
swing phase, then it is of importance for the animal to initiate 
immediate extension so that the limb can take up the support of the 
animal as fast as possible. Perhaps this also explains why large 
cutaneous afferents mainly excite the large fast triceps surae 


motoneurons instead of the slow ones (Burke et al., 1970). 


(be) Protongation of the flexton phase 

Instead of shortening the flexion phase after unexpectedly 
touching an object, the animal may instead exaggerate its flexion 
so as to overcome the object (Forssberg et aZ., 1975). The result 
could be a prolongation of the flexion phase, and this was indeed 
observed on nay occasions in the present experiments (Table 1). 
Of special interest were the observations on premammillary cats with 
fixed hindlimb since there the flexor burst prolongations were 
limited to weak stimuli applied at the beginning of the flexion phase 
while the same stimuli applied later in the flexion phase produced 


a flexor burst shortening. Moreover, it was found in the latter 
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experiments and in the experiments with pad stimulation as well 

that a flexor burst rebound could be evoked instead of a flexor 
burst prolongation. The two phenomena may thus be related and 

Since the presence of rebound is indicative of inhibition, one should 
not use the finding of flexor burst prolongation as evidence that 
only excitatory actions are exerted onto the structure responsible 
for the generation of flexor bursts (FHC). Indeed, inhibitory 
influences may not always be apparent and rebound may occur even 
without any sign of inhibition (Brown, 191la; Sherrington, 1913). 
The results on flexor burst prolongation may thus be compatible with 
the previously mentioned hypothesis that large cutaneous afferents 
make inhibitory connections with the FHC and excitatory connections 
with the EHC. 

It is of interest that the present results on hyperflexion 
due to stimulation of the tibial nerve at the end of the flexion 
pnase in normal cats agree particularly well with the observations 
made by Forssberg et aZ. (1976) on chronic spinal cats. In the 
latter study it was found that electrical stimulation of the dorsum 
of the foot during the swing phase results in a brisk flexion of 
the knee and ankle (and to some extent the hip). Hence, both in the 
spinal and normal cat the motor program of the flexion phase can be 
altered by an additional evoked flexion movement of the whole limb. 
In the spinal cat, this extra flexion movement does not necessarily 
change the total duration of the swing phase. 

In summary, prolongations of the flexion phase may occur either 


with cutaneous stimulation at the very beginning (Figs. 5 and 13) or 
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at the very end of the flexion phase (Fig. 21). The prolongations 
at the beginning of the flexion phase were obtained mainly with weak 
cutaneous stimuli and can be understood functionally as an "over- 
stepping" reaction of an animal touching an object in the early 
course of the swing phase. Termination of the swing phase at an 
early stage is probably very difficult, if not impossible, in view 
of the rigid central programming of the early period of the swing 
phase (Orlovsky and Shik, 1965). 

On the other hand, the prolongation of the flexion phase for 
stimuli applied at the end of flexion (Fig. 21) is likely to be more 
related to the withdrawal reflex. The touching of harmless unexpected 
elevations of the ground may lead to a shortening of the flexion 
phase (see discussion above), but if a pain eliciting object is 
touched then the best reaction for the animal is to delay the placing 
of the foot. The idea that these late prolongations of the flexion 
phase are related to a withdrawal reflex was substantiated in the 
normal cat by the fact that the same stimuli applied during the 
stance also produced a flexion reflex leading to the "sagging" of 


the animal. 


2.4.3 The flexor reflex and locomotion 

In the acute experiments with fixed hindlimb it was found 
that the extensor burst prolonging and the flexor burst shortening 
effects due to low intensity stimulation of the tibial or sural nerve 
were gradually replaced by extensor burst shortening and flexor burst 


prolonging effects when the stimulus intensity was increased. High 
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intensity stimulation of these nerves prolonged the duration of the 
flexor burst if applied before or during the flexion phase, while 
stimulation before or during the extension phase yielded extensor 
burst shortenings (Table 1). Afferents having these effects on 
flexor and extensor bursts were actually found in all nerves 
examined and their presence was especially prominent in the common 
peroneal nerve. It is therefore likely that these fibers belong to 
the so-called "FRA" group. Since activation of these afferents 
leads to contractions in all flexors and relaxations in all 
extensors, it is likely that these FRA afferents make excitatory 
connections with the FHC and inhibitory connections with the EHC. 
So far, only the actions of the FRA on individual step 
cycles have been discussed without mentioning the effects on the 
overall locomotory rhythm. The effects on the rhythm have been 
examined by applying strong stimuli (75 x T) to the sural nerve during 
locomotion. It was found that such stimuli caused a bilateral 
resetting of the stepping rhythm except if given just prior to the 
onset of the ipsilateral flexion phase. The absence of resetting 
effects at the end of the extension phase may be explained in two 
ways. First, the rhythm generating system may be closed to FRA 
input at the end of extension, and, secondly, the rhythm generating 
system may be open to FRA input at all times but its functioning 
may be disrupted only if FRA input arrives at an inappropriate time 
of the cycle. The observation that stimuli applied at the end of 
the extension phase may still prolong the following flexor burst by 


at least 20% argues against the hypothesis that FRA activity is 
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somehow "gated" centrally. It should be noted that the step cycle 
contains a second period during which stimulation has minimal 
resetting effect. Since this second period precedes the onset of 
ipsilateral extension and contralateral flexion, it is possible that 
in this case the minimal resetting is the result of excitatory 


connections with the ipsilateral EHC and the contralateral FHC. 


2.4.4 Model of central connections of large cutaneous afferents (Fig. 


From tne previous discussion it is evident that large 


cutaneous atferents from the sural and tibial nerve have central 


connections which must differ from those of small cutaneous afferents. 


Nevertheless, both large and small cutaneous afferents are still 
classified as FRA because of observations made on the immobile 
spinal cat (Holmqvist and Lundberg, 1961) in which the pathway from 
large cutaneous afferents to flexor motoneurons is open. However, 
this path is inhibited in walking animals where the excitatory 

path to extensors and the inhibitory path to flexors are much more 
important. It thus seems very misleading to classify the large 
cutaneous afferents and the small afferents as a single functional 
unit. 

Let us now consider the "alternative" pathways from large 
cutaneous afferents to flexor and extensor motoneurons in relation 
to locomotion (Holmqvist and Lundberg, 1961). One such pathway, 
called "fast" pathway, excites flexor motoneurons while at the same 


time inhibiting monosynaptic reflexes to extensor motoneurons. This 
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Fig. 26. Diagram illustrating some central connections made by 
large cutaneous afferents in the tibial and sural 
nerves. Further explanation in text. 
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fast pathway is characteristically inhibited by maneouvers which 
induce locomotion, such as intravenous injection of DOPA (Andén, 
1966; Jankowska et al., 1967a) or Clonidine (Grillner, 1973b) in 
the spinal cat or stimulation of the MLR in the mesencephalic cat 
(Grillner and Shik, 1973). Sural nerve stimulation under these 
conditions gives rise to long latency and long lasting flexor dis- 
charges which typically appear after termination of the stimulus 
train, irrespective of the duration of this train. Since the latter 
behavior is very typical for rebound as it was also observed in the 
present experiments, it seems reasonable to assume that ieee late 
flexor discnarges arise in a structure similar or identical to the 
FHC, 

If one accepts this assumption, then the present data and 
the data on late flexor discharges can be explained on the basis of 
a diagram such as depicted in Fig. 26. A fast pathway to flexor 
motoneurons is inhibited by a central command related to locomotory 
behavior (DOPA, Clonidine, brainstem stimulation, spontaneous). As 
a result, activity in large cutaneous afferents now follows mainly 
the excitatory pathway to the EHC, which strongly inhibits the FHC. 
Abrupt termination of the FHC inhibition induces rebound in the FHC, 
resulting in long late flexor discharges or flexor burst rebound. 
According to this hypothesis, late flexor discharges would be expected 
to be preceded by a period of extensor activity, as was indeed observed 
by Jankowska et al. (1967a). However, it is possible that the FHC 
inhibition is direct rather than through the EHC and this particular 


aspect of the diagram awaits confirmation from experiments showing 
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that the EHC excitation precedes the FHC inhibition. Whether or not 
the FHC inhibition is direct or indirect, one can at least exclude 
the possibility that the slow path by-passes the FHC or EHC since 
such a by-pass to extensor motoneurons would fail to explain the 
observation that stimulation of large cutaneous afferents during the 
extension phase not only prolongs the extension phase but also delays 
the onset of the following flexor burst, which is unchanged in 
duration. 

The different pathways from the large cutaneous afferents 
are under supraspinal control. Stimulation of the red nucleus was 
snown to excite predominantly fast twitch units in the triceps 
Surae, presumably through activation of the same interneurons that 
transmit excitation from low threshold cutaneous afferents to these 
motor units (Baldissera et aZ., 1971; Burke et aZ., 1970). On the 
other hand, stimulation of the dorsal reticulospinal system is known 
to be very effective in suppressing short-latency FRA pathways 
(Engberg et aZ., 1968). Since neurons in both the rubrospinal and 
reticulospinal system reach their peak activity at the transition 
from flexion to extension during the swing phase (Orlovsky, 1970, 
1972; Wetzel and Stuart, 1976), it seems likely that activity in 
these supraspinal neurons may have contributed to the flexor-extensor 
transition effects observed in our experiments with low intensity 
sural and tibial nerve stimulation. 

One of the implications of Fig. 26 is that the resting 
animal may have both pathways in use at the same time. Such inter- 


pretation would explain the finding of an early and a late component 
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of the flexor reflex as well as the observation that an extensor 
reflex lies concealed under the flexor reflex. Functionally, a model 
such as shown in Fig. 25 is very meaningful. Fast flexor reflexes 
evoked from large cutaneous afferents may be useful for the protection 
of the resting animal, but they seem inappropriate in the walking 
animal where they would severely disrupt the ongoing motor activity. 
On the other hand, it would seem of crucial importance for the 

walking animal to be able to terminate flexion and initiate extension 
as fast as possible if foot contact is made at the end of the flexion 


phase in walking. 


2.4.5 The central progranning of the flexor burst; stmilarities 
with the resptratory system 

The demonstration in premammillary cats that the initial 
part of the flexor burst is much more resistant to inhibitory input 
indicaces that Chis inittal part aS quite’ strictly centrally 
programmed. A similar situation is found in the respiratory system 
where the initial part of the inspiratory burst of activity is more 
resistant to inhibitory input from various sources. Electrical 
shocks applied to the vagus nerve (Boyd and Maaske, 1939), the 
superior laryngeal nerve (Larrabee and Hodes, 1948), the medulla 
(Burns and Salmoiraghi, 1960) or to part of the nucleus para- 
brachialis (Cohen. 1971) could either bring the activity of 
diaphragmatic units to an abrupt end or else cause a prolongation 
or rebound of this activity. In parallel with the present 


findings, these effects were dependent on timing and intensity 
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of the applied shocks. Stronger shocks were needed to stop inspiration 
when applied at earlier times within the inspiratory phase, but a 


complete inhibition was never seen. 


In this context, it is noteworthy that the locomotory 
flexor burst was similar not only to the inspiratory burst of 
activity in the phrenic nerve but also to the after-discharge of 
tne tlexor wetlex which vs easier tourmhibit-attlater mayrits Dra ts 
time course (Liddell and Sherrington, 1925). Further similarities 
between the flexor burst and the inspiratory burst concern their 
common shape (gradual build-up) and their standard duration under 


normal circumstances (Cohen, 1975; Orlovsky and Shik, 1965). 
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CHAPTER 3. THE ROLE OF MUSCLE AFFERENTS IN LOCOMOTION 


3.1 Introduction 

It is generally accepted that feedback from muscle afferents 
must play an important role in walking, although there is some dis- 
agreement about the usefulness of proprioceptive reflexes at higher 
speeds of locomotion (Grillner, 1973a; Nichols and Houk, 1976). The 
main source of muscle afferent activity during walking of mesencephalic 
cats seems to arise from the muscles while they are contracting (a-y 
coactivation; Severin et al., 1967). The way this afferent Henne ay 
is used by tne nervous system remains largely an open question, 
although Lundberg (1969) has made some speculations based on his 
findings on reflex connections made by muscle afferents in 
immobilized cats. 

In this chapter, experiments will be described in which 
the function of receptors of the extensor muscles will be investigated 
during inane saan In particular, the question will be asked whether 
extensor muscle afferents fulfill a similar function as described for 
the large cutaneous afferents from the distal hindlimb, namely the 
control of the initiation of the flexion phase. Extensor muscle 
afferents share with pad afferents the ability to signal to the 
central nervous system whether a limb is sufficiently unloaded at 
the end of the extension phase to be flexed without endangering the 
stability of the walking animal. Consequently, one would expect that 
the onset of the flexion phase would be prevented or delayed if the 


extensor muscles were additionally loaded during the extension phase. 
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To achieve this experimentally, receptors within the triceps surae 
were activated by stretching the muscle or by inducing a contraction 
(ventral root stimulation or triceps surae vibration). In other 
cases the nerves to the triceps surae were stimulated tetanically. 
The effects of these manoeuvers on the timing and occurrence of the 


bursts of activity in the pretibial flexors were examined. 


3.2 Methods 

Experiments were done on premammillary cats, 26 of which 
showed periods of spontaneous walking. The preparation of these 
animals has been described in the previous chapter. Again, the left 
hindlimb was partially denervated to allow the fixing of the hind- 
limb to a frame on the treadmill. 

To achieve natural stimulation of muscle receptors, the 
triceps surae of the fixed hindlimb was freed as much as possible 
and its tendon was attached to a force transducer by means of a 
thread through a cut part of the calcaneus bone. The force transducer 
was connected in series either with a manually controlled lever 
evsten (10 cats) or a: commercial vibrator which allowed for constant 
periods of vibration with adjustable amplitude (5 cats). In other 
experiments (N=5) a laminectomy was performed which allowed for 
electrical stimulation of ventral root filaments or for recording from 
dorsal root filaments. In 3 cats the four hindlimbs were left free 
but an adjustable metal clamp was attached to the left ankle with a 
screw through the tibia and a pressure clamp around the deafferented 


foot. A bolt in a semicircular slit allowed the ankle to be fixed 
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at any desired angle. 
Nerve stimulation was done in the premammillary cat with 
fixed hindlimb (N=8) or in the normal cat with implanted cuff (N=1) 


using the same techniques as described in the previous chapter. 


3.8 @ Results 
3.3.1 Dorsal root recording 

While recording from single dorsal root filaments in 
walking mesencephalic cats, Severin et aZ. (1967) found that spindle 
afferents in extensor muscles fire mainly during the extension phase. 

In a few premammillary cats we were able to substantiate 
their conclusions. Fig. 27 shows activity in a single filament from 
dorsal root L7. Activity in this filament increased when the ankle 
was flexed passively. When the triceps surae was made to contract 
by stimulating the muscle through two implanted wire electrodes, the 
afferent activity stopped temporarily for 40 - 50 msec (Fig. 27A). 
On this basis the afferent was identified as a triceps surae 
spindle afferent. During locomotion the activity in this afferent 
fiber was clearly correlated with the periods of activity of the 
triceps surae (Fig. 27B). In agreement with the results of Severin 
et al. (1967), the onset of the spindle afferent activity followed 
the onset of the EMG activity and persisted usually for a short 
period after the cessation of the extensor EMG burst. 

It thus seems that in locomotion the principle of alpha- 


gamma coactivation holds for the premammillary cat as well as for 


the mesencephalic cat. 
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Fad; 2/7. Activity in ankle extensor spindje afferent at rest 
and during walking. (A) Identification of single 
unit in dorsal root (D.R.) filament (L7) by eliciting 
a contraction in the ankle extensors (iE): (B) Activity 
in the same unit at the transition from standing to 
walking. Premammillary cat. 
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3.3.2 Natural stimulation 

(A) All-or-none disappearance of flexor burst 

(1) Triceps surae stretch 

The proposal that proprioceptive input from extensor 
muscles controls the functioning of the locomotor "oscillator" of 
a single limb arose from an observation made early in the course 
of the present experiments. It was noticed that restraint of one 
hindlimb of a walking thalamic cat or holding the ankle in a 
flexed position abolished the stepping movements of that hindlimb 
provided these manoeuvers were carried out during the stance 
phase (Fig. 28). This finding can be explained by assuming that 
tne resistance to extension prevents the shortening of the extensor 
muscles, thus eliciting from these muscles a large amount of 
afferent activity which inhibits the "oscillator" cf the restrained 
hindlimb. 

To tast the latter hypothesis it was necessary to design 
experiments in which it would be possible to evaluate selectively 
the effects of stretcn of extensor muscles on the locomotor output. 
Two types of experiments were done. In the first type of experiment 
a gradually increasing stretch was applied to the triceps surae 
while in the second type of experiment a constant stretch of the 


triceps surae was used. 


(a) Graded stretch 
As shown in Fid. 29, the increased stretch an the triceps 


surae in the left fixed hindlimb resulted in agradual increase in 
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Fig. 28. Blocking of locomotory rhythm by stopping the 
hindlimb in extension. Preventing full extension 
inhibits the rhythmicity in the ipsilateral left 
hindlimb (L), while stepping continues at the 
right side (R). In contrast, preventing the hind- 
limb to fully flex does not abolished the ipsi- 
lateral rhythm. 


a 


2 
nolzhetaa J ue aa ; 


pie wine 


i; had 
\ 

oka! a. Jaa ‘ a 

| ae fe +} eoeaiaoes rh} at) =e sea lH i 
A alittle 


Te AGL sh haa fal 
Kyies nus Mh oes ‘ “ial abies ae os ae vat 


rt uf 
2 = ted 
, 


* 
: 


ord priggose yd miituiy yrodomoagt Saale BS pri 
. , Sorenstxes Uist -ontsasvsy9 “Aa EaOONe” At diatTbatA a 
pie Naf favess(faut orld ni vt to Haile gj fottintt 
WwW js 25unrinos pniqgste af tdw wk 1 dat 
hig edt pitdneverg ,Jeevdaeo al (8) 2 
~f2qt ant bodatfods ton -290b alt 


I Yea ee 
nah rea bt Wiiaey 4 


te 


ee fi é, a hai iit : ays hee 
tei aie ae ca vont 


1 vt teh ae | 
he, Beare ; fe pits ke H 
c Asis oy : 
E eae en fey f 4 : 
aa % ie 
nets :: 
1 


Fig. 29. 


Inhibition of rhythmic motor activity by stretch of 
the triceps surae of a walking premammillary cat. 
The increased stretch reduced the duration of the 
rhythmic flexor burst (a) until the burst disappeared 
altogether in an all-or-none fashion (b). iE = 
ipsilateral triceps surae force (top) and EMG 
(second trace); iF = ipsilateral pretibial flexors; 
cE = contralateral triceps surae. Note that there 
is a pause in the extensor activity despite the 
disappearance of the flexor burst (b). "b" from 
the same cat as "a" but filmed with lower gain 

of the iE EMG channel. Force calibration = 6.5 kg. 


96 


[4 a>? 
i jj or Sarah a ih ra io 
: " seri ie Va Br ‘ x 
f . Fly bis Vi 
NE. enim stip ake ptt 
. 
to Aotsyd2 Vd wWivitos votom 2Finltuny to iso an on Ms 
-t62 \oslT tminsmei potdisw 6 to g6ue ageated 
Ont to folds yub be bsavbay rlatayte bsassiont sit 
bavssqqseth Jeyd ont Thanu. (6) tesud YoxSTt OFmlsvl 
=~ 3r .(d) noidest spon- -"0-Tis ns Ar yaitepo, 
Ma’ bak fao+) S20t ssnil2 eqsuoiw. Teva 
gevous It fetditaig favstalieas = Jt xts 
evads spelt via “ibaa gears si 
mont "d" spe otal sid . 
Ntsp ‘ oa nid Fe eee sud ney 
a ewe Fad Fico xr fol Tenis 
: wi ; 
; = s 
_ ; , 
. Ne 
: H 4 vi: 
7 PA a _ » 7 i ; 


97 


in amplitude and duration of the rhythmic bursts of activity in the 
stretched muscles until a tonic contraction replaced the rhythmic 
bursts. In contrast, the duration of the EMG bursts in the pre- 
tibial flexors was gradually reduced until a critical duration was 
reached and the flexor burst disappeared altogether. The flexor 
burst disappearance always occurred in a discontinuous "all-or-none" 
fashion, although the critical burst duration at which the dis- 
appearance occurred varied from experiment to experiment, as did 

the force required to block the rhythm. Most frequently the 
rhythmicity stopped when the increased force in the stretched 
muscles reached a level of 1.5 to 4 kg. These forces are within 

the physiological range for the triceps surae, according to Grillner 
(1973). However, in cats showing very powerful walking, the force 
requivea to stop the rhythm could go as high as 8 kg. On the 
contralateral side stepping continued despite the blocking of the 


ipsilateral rhythm. 


(b) Isometric stretch 

A possible objection to the previous data is that the 
stretch of the triceps surae may have caused a blocking of the 
locomotory rhythm only in the muscles at the ankle. Also, the 
abnormal restraint of the hindlimb may have had some influence on 
the observed effects. To answer this criticism, 3 cats had a 
special device attached to the left ankle, allowing the ankle to be 
clamped at different angles without interfering with the movements 


at the other joints (see methods). With the clamp loose, movements 
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at the ankle were normal (Fig. 30A), but fixing the ankle at an 
angle less hala 90° resulted in prominent changes in the structure 
Of the step cycle. At an angle of 55° the ipsilateral triceps surae 
contractions took up a much larger percentage of the step cycle than 
before. In contrast, the bursts of activity in the pretibial flexors 
were much shorter or occasionally disappeared altogether in an 
all-or-none fashion. Again, the disappearance of the flexor burst 
could occur without the elimination of an EMG silence in the 
extensors. Clamping the ankle angle at even smaller angles (40°, 
Fig. 30B) completely abolished all rhythmic activity not only at 

the fixed ankle but also at the other joints of the same limb. The 
whole left hindlimb was hyperextended (hip angles close to 150°), 
and a strong tonic contraction developed in all extensors. The 
three other limbs continued stepping. The thresholds for these 
effects showed considerable inter- and intra-animal variability. 
Thus, for the 3 cats a complete block of the ipsilateral hindlimb 
rhythmicity was obtained at angles of 45°, 75° and 70° respectively. 
During normal locomotion such ankle angles are rarely used except in 
situations where the animal is forced to crouch (Goslow et al., 
1973). Nevertheless, these experiments demonstrate that (a) the 
rhythmicity in a single limb can be blocked without stopping the 
walking of the three other limbs, and (b) an all-or-none disappearance 
of the rhythmic flexor burst can be elicited by tonic activation of 


afferents from the triceps surae (the foot being deafferented). 
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The inhibition of ipsilateral hindlimb rhythmicity 

due to clamping of the left ankle in a flexed position. 
(a) = clamp loose; (b) = clamp fixed at 70°. Observe 
the hyperextension of the non-stepping limb with the 
clamped ankle (b top). Foot in clamp was denervated. 
iE, 1F and cE as in previous figure. 
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B. rieeps surae contractions evoked by ventral root 

stimulation or triceps surae vibration 

Muscle receptors can be activated in a natural way not 
only by muscle stretch but also by evoking contractions in the 
muscles containing these receptors. For this purpose, a laminectomy 
was performed in 3 partially denervated cats and the distal part of 
a section of ventral root L7 was periodically stimulated with a 
train of supramaximal stimuli. As shown in Fig. 31A, the stimuli 
given during the extension phase caused a contraction of the ipsi- 
lateral triceps surae and this contraction was superimposed on the 
ongoing contraction, leading to the complete suppression of the 
burst of activity in the pretibial flexors. The timing of the 
stimulus application was of major importance to elicit this 
Suppression effect since stimulation started earlier in the flexor 
burst was ineffective. The suppression happened in an all-or-none 
fasnion and there was no gradual transition from a complete to a 
partial suppression of the flexor burst. 

Another physiological way to obtain a muscle contraction 
is by eliciting a TVR (Tonic Vibratory Reflex). In 5 cats, brief 
periods of vibration (100 - 400 msec) at 64 Hz were applied to the 
jsometrically held left triceps surae which, as a result, contracted 
reflexly. The periods of vibration were then repeated when the 
animals were walking. As seen in Fig. 31B, vibration applied in the 
extension phase could lead to the all-or-none suppression of the 
flexor burst in much the same way as was previously seen for the 


ventral root stimulation. 
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Fig. 31. All-or-none disappearance of the rhythmic flexor burst 
due to stimulation of an L7 ventral root filament (A) 
or to vibration of the triceps surae (B). iE, iF and 
CE aSe inv Fig. 295° Stimulio(A)-) 480 msec; tragnt of 
pulses at 90 Hz, supramaximal for iE contraction; note 
large stimulus artefact in iE and iF. Vibration (B): 
200 msec period at 64 Hz indicated by rippled bar 
taken from iE force trace underneath i£ EMG trace. 
Note that the period between extensor bursts on the 
contralateral side is temporarily reduced because of 
the ventral root stimulation or the triceps surae 
vibration. The resulting contralateral rhythm 
resetting paralleled the resetting of the ipsilateral 
rhythm. Force calibration in (A) = 6.5 kg. 
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(1) Delay of flexor burst by vibration of the triceps surae 

In previous sections evidence was presented indicating that 
afferent activity from the triceps surae may prevent the generation 
of a rhythmic flexor burst during locomotion. The same effect was 
obtained by stimulating large cutaneous afferents from the distal 
hindlimb, but in addition the stimulation of cutaneous afferents during 
the extension phase yielded a prolongation of the step cycle due to 
a delay in the onset of the flexor burst (Chapter 2). Such flexor 
burst delaying effects were also found in the present experiments 
when short periods of vibration were applied during the locomotory 
process. As shown in Fig. 32 (top) triceps surae vibration started 
in the extension phase often caused the following flexor burst to be 
delayed rather than suppressed. This caused the step cycle during 
which vibration was started to be prolonged from 720 msec to 840 msec. 
The delayed flexor burst was unchanged in duration or only slightly 
shorter than the flexor burst preceding the application of vibration 
and the small changes in duration of the delayed flexor burst could 
not account for the prolongations of the step cycle. The step cycle 
following the prolonged step cycle had a duration (740 msec) 
comparable to the duration of the step cycles preceding vibration 
(720 msec). 

By taking a number of consecutive vibration trials, a plot 
as Snown In lg. 32 (bottom) could be made. The duration of the 
step cycle during which vibration was started was compared to the 
duration of the preceding step cycle and the difference was expressed 


as a percentage of the preceding step cycle duration. The resulting 
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Vibration 


< 720msec >< /20msec >< 840msec >< /40msec > 
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Onset of Vibriation in Step Cycle ( % ) 


Delay of the rhythmic bursts of activity in the pretibial 
flexors due to Vibration on ther triceps surae. 


Top: Filmed example, showing the prolongation of the step 
cycle (time between onset of consecutive flexor bursts) 
when a 400 msec period of vibration at 64 Hz was started 
(arrow) in the extension phase. Step cycle measurements 
on top of record (720, 720, 940, 740 msec) were taken with 
a resolution of 1 mm = 20 msec (film speed = 5 cm/sec). 
Force Galt braviOn = Sk. Ii, Te-aldecesas aimenld so. 


Bottom: Plot of change in step cycle duration (duration 
of step cycle in which vibration is started minus the 
duration of the just preceding step cycle) versus time of 
onset of vibration within step cycle, both normalized with 
respect to the duration of the step cycle just preceding 
the application of the vibratory stimulus. These preceding 
step cycles averaged 743 msec in duration and the flexor 
burst took up 13% of that duration (vertical dashed line 
between F = flexion and E = extension). Bar on lower half 
of plot indicates the duration of the vibratory stimulus 
relative to the average step cycle duration. 
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"change in cycle duration” was plotted versus the time between the 
onset. of the step cycle and the onset of vibration (normalized with 
Pespect Cote Drereaing Sten cycle)..° Ihe results indicarcea. that 
there Was a tendency for the step cycles te be prolonged by the 
application of triceps surae vibration. However, this tendency 
was not very strong, as can be judged from the smal] amount of 
prolongation (on the average 4.5%) as compared to the normal] 
variability of the step cycles (S.D. of step cycles just preceding 
vibration was 5% of the average duration of these preceding cycles). 
In another cat, the prolongations were calculated to average 99, (N=12), 
which was statistically significant at the 0.005 level (step cycles 
preceding the step cycle with vibration differed from the step cycles 
following the vibration trial by only 1%). The large variability in 
the responses to vibration was maybe related to the fact that the 
flexor burst delaying effects were very critically dependent both on 
the amplitude of vibration and on the amount of background stretch 
of the vibrated muscle. Unfortunately, our experimental conditions 
did not allow us to make a systematic study of these parameters in the 
Acars (ou of 5) an which flexor burst delayingsel rectsp were observed: 
It should be emphasized that these vibration experiments 
were not designed to answer the question of which type of muscle 
afferents. plays a role in suppressing or delaying the flexon) burst. 
Our vibratory stimulus probably activated Ia spindle afferents from 
the triceps surae, but other types of muscle afferents were likely 


to be activated as well because of the evoked muscle contraction. 
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C. Nerve stimulatton 

(1) Acute experiments 

In 8 cats the proximal end of the cut nerves to the left 
gastrocnemius-soleus and/or medial gastrocnemius were stimulated 
periodically with 100 msec trains of 6 pulses at 1.3 and 1.7 x T. 
The purpose of these experiments was to see if the above described 
results obtained with natural activation of triceps surae afferents 
could be confirmed using direct electrical stimulation of the large 
triceps surae afferents. 

Stimulation of the triceps surae nerves just before or 
during the occurrence of the flexor burst caused a reduction in the 
amplitude and duration of the flexor EMG burst, as expected on the 
basis of reciprocal inhibition, but there was no reproducible change 
in the rhythmic appearances of these flexor bursts even when the 
gastrocnemius-soleus and the medial gastrocnemius nerves were stimu- 
lated together. 

Only when stimuli above group I strength were applied was 
there evidence for interference with the locomotory rhythm (Fig. 33). 
Stimulation of the cut medial gastrocnemius nerve at FRA strength 
(33 V while T not measured but estimated at around 3 V) caused the 
following flexor burst to start later than expected, provided the 
stimuli were applied during the extension phase (middle and bottom 
example on top of Fig. 33). This resulted in a prolongation of the 
step cycle duration, measured as usual from the beginning of one 
flexor burst until the onset of the next one (plot on bottom of Fig. 


However, the delay of the onset of the next flexor burst did not 
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Med. Gastr. (FRA) 
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Effect of stimulation of the medial gastrocnemius nerve on 
the locomotory output. iF = ipsilateral pretibial flexors; 
cE = contralateral triceps surae; St = 100 msec train of 
0.05 msec pulses at 60 Hz (33 v). Note that the later the 
stimuli were given in the extension phase, the more the 
following flexor burst was delayed, hence leading to an 
almost linear increase in the step cycle duration. 
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necessarily correspond with an equal amount of rhythm resetting, 
indicating that part of the delay of the flexor burst may simply 
have been due to direct effects on flexor motoneurons. Neverthe- 
less, there is no doubt that the stimulation also affected the 
rhythm generating system since changes in rhythm were not only 


observed ipsilaterally but also contralaterally (Fig. 33 top). 


(2) Chronic experiments 

The relative ineffectivity of triceps surae nerve stimulation 
in producing effects on the locomotory rhythm was confirmed in a 
normal cat with a cuff implanted around the lateral. gastrocnemius 
nerve and the sciatic nerve. Even when stimuli of 2.5 or 3 x T (6 
pulses of 0.01 msec at 60 Hz) were applied during the periods of 
walking on the treadmill, no consistent effects were produced on 
the duration of the phase during which stimulation was started (in 
the two experiments done so far). 

It thus seems that low intensity stimulation of muscle 
nerves is less effective in changing the duration of step cycle 
phases than low intensity stimulation of cutaneous nerves (Chapter 2). 


However, more experiments are needed to substantiate the latter point. 


3.4 Dtseusston 


The data presented above provide evidence that afferent 
activity from the triceps surae can inhibit the central system 
responsible for the generation of rhythmic bursts of activity in the 


flexors during locomotion. This central system must be at a pre- 
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motoneuronal level since afferent activity from the triceps surae 
caused the rhythmic flexor burst either to disappear in an all-or- 
none fashion or to be delayed. Neither one of these effects can 
simply be explained in terms of excitability changes at the moto- 
neuronal level since there is no evidence that motoneuronal pools 
have synchronizing properties on their own. Rather, one has to 
invoke the existence of interneuronal centers which form the basis 
for the generation of bursts of activity in flexors or extensors 
during locomotion. As in the previous chapter, such centers will 
be called "Flexor Half-Center" (FHC) and “Extensor Half-Center" 
CBHE): 

The data thus support the idea that triceps surae afferents 
make inhibitory connections with the FHC. The functional significance 
of this connection is much the same as for the inhibitory connection 
between large cutaneous afferents and the FHC (Chapter 2). The need 
for an animal to be supported by some of its limbs during walking at 
moderate speeds calls for a system which allows for the flexion of 
a limb to occur only when sufficient support is provided by the 
other limbs. Hence it would be extremely useful for the walking 
animal to have in each limb an automatic in-built mechanism for the 
triggering of flexion after a signal is given that the limb in 
question is no longer loaded and no longer needed to provide support 
for the animal. A decline in afferent activity from the extensor 
muscles may constitute such a signal and consequently, if such a 
decline is prevented, for example by preventing the limb from fully 


extending, then the FHC will fail to be activated and stepping will 
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be abolished in the restrained limb (see Orlovsky and Feldman, 1972; 
Grillner, 1975). 

At present, the exact location of the inhibitory pathway 
from triceps surae afferents to the FHC remains unknown. Supra- 
spinal centers are probably not essential since blocking of the 
rhythm of a single limb was observed in the chronic spinal dog or 
cat (Sherrington, 1906; Grillner, 1975). At the spinal cord level 
a system of interneurons exists which is activated by intravenous 
injection of DOPA and which is likely to be identical to the FHC 
(Jankowska, 1967b). In close proximity and partly overlapping with 
this system, many interneurons are found which receive connections 
from both muscle and skin afferents (Szentaégothai, 1967; Eccles et 
al. , 1956) and some of which have no direct projections to moto- 
neurons (hultborn eb al.. 1971; Hongo 2b -a7., 1972). Ihe letter 
interneurons, located within the intermediate nucleus, may well form 
the anatomical basis of the presently described effects. The 
convergence of proprioceptive and exteroceptive afferent input onto 
these interneurons may explain why the flexor burst Suppressing or 
delaying effects were also obtained in the experiments described in 
Chapter 2, Inothis respect 1 1s of interest thatit was recently 
found that an extensive convergence exists between large cutaneous 
afferents and Ib muscle afferents (Lundberg et aZ., 1975). Moreover, 
in a study on spinal interneurons presumably belonging to the 
locomotory centers, Edgerton et al. (1976) found that activity in 
some of these interneurons was affected by volleys in cutaneous nerves, 


while others responded to group I volleys in muscle nerves. 
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Our negative results after group I stimulation of the 
triceps surae nerves do not exclude the possibility of an inhibitory 
connection between group I muscle afferents and the FHC, since our 
failure may have simply been due to an unfortunate choice of stimulus 
parameters. Further experiments are needed to clarify which type of 


muscle afferents are inhibitory to the FHC. 
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CHAPTER 4. THE ROLE OF JOINT AFFERENTS IN LOCOMOTION 


4.1 Introductton 

Virtually nothing is known about the role of joint 
afferents in locomotion. For the knee, Freeman and Wyke (1966) 
reported that cats had great difficulty in walking along a narrow 
bar when their posterior and medial articular nerves were cut. 
However, when Lindstrom and Norsell (1971) repeated these experi- 
ments, they were unable to detect any deficits at all. 

Joint afferents from the hip may be of greater importance, 
however, Since it is thought that joint afferents from the hip (or 
afferents from hip muscles) may provide the "hip afferent signal" 
which may play a dominant role in reflexly inducing the swing phase 
at the end of stance (Rossignol et aZ., 1975). The latter idea was 
originally based on the observations of Shik and Orlovsky (1965), 
who found that raising the anterior or posterior part of a normal 
dog walking on a treadmill induces a prolongation of both the 
stance phase and the step cycle of the raised limbs. They reasoned 
that the prolongation of the stance phase in the raised limbs may 
have been correlated with an unchanged angular excursion of the hip 
and shoulder and hence they concluded that "the initiation of the 
transfer phase is determined by the onset of threshold extension of 
the limb, 1.enratedefinitelvalues of the joint angles”. Further 
support for this "threshold extension" hypothesis was provided by 
the work of Grillner and his colleagues (Grillner, 1975), who found 


that when the hindlimb of a spinal cat is prevented from fully extending 
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during the stance phase, a maintained extensor burst is evoked which 
only ceases by bringing the femur more caudally to an angle equi- 
valent to the hip angle at which the swing phase is normally 
initiated. 

However, the use of such rigid criterion as a "threshold 
extension" at the hip seems highly improbable since the excursion 
of the hip per se does not seem to give the animal much information 
about the appropriateness of ending support and starting flexion 
(see also Wetzel and Stuart, 1976). More likely the initiation of 
the swing is determined by a combination of factors, some of which are 
related to a fall in activity in exteroceptive and proprioceptive 
afferents which are normally activated during the stance phase (see 
Chapters 2 and 3). 

In the work to be presented in this chapter, an answer was 
sought to the following questions: (i) does the cat always initiate 
the swing phase when the hip reaches a “threshold angle"; and 
(ii) are the hip joint afferents crucial for the initiation of the 
swing phase and for locomotion in general? Three techniques were 
used: 

1) a repeat of the Shik and Orlovsky (1965) experiments 

in mesencephalic cats; 

2) observations on normal cats walking while crouched 

or while loaded; 


3) hip joint denervation in the normal cat. 
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4.2 Methods and results 
4.2.1 Lifted mesencephalte cats 

In two mesencephalic cats the posterior body part was 
raised and the effects on the step cycle examined. It was found 
that lifting the animal did not change the step cycle duration by 
more than 3%, although the duration of the EMG burst in the ankle 
extensors was reduced to 40% of its normal value. These results 
differ from the results of Shik and Orlovsky (1965) as outlined 
above. Possibly this difference is due to the fact that the Russian 
workers used normal dogs with suspended forelimbs while the present 
experiments were done on mesencephalic cats which could step on the 
treadmill with their forelimbs. Nevertheless, the present findings 
seem to warrant a cautious reappraisal of the conclusions of Shik 


and Orlovsky (1965). 


4.2.2 Behavioral analysts on normal cats 

One way to test whether there are features of the step 
which are kept constant during locomotion (such as the hip angle 
at the initiation of the swing) is to put severe constraints on the 
locomotory behavior and see if these "constant" features remain even 
in the most taxing circumstances. Two experimental situations were 


tested, namely crouching and loading. 


A. Crouching 


Two adult cats were trained to walk on a treadmill with an 


adjustable ceiling. First the cats were trained with positive 
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reinforcement techniques so that they learned to walk on a treadmill 
without showing a crouching posture. Then the Ceiling, of, the cage 
over the treadmill was lowered so that the cats were forced to 
crouch. Training was considered satisfactory when the cats could 
maintain a constant speed of locomotion with the treadmill belt 
moving at 1.25 m/sec. One cat weighing 2.6 kg could perform the 
task when the ceiling was lowered so as to leave only 13 cm distance 
between the belt and the ceiling. The other cat (4.6 kg) could 
still maintain a steady gait when forced to crouch under a ceiling 
placed 20 cm above the belt. The left hindlimb of both cats were 
shaved and dots were painted on the skin above bony landmarks such 
as described by Goslow et aZ. (1973). The cats were filmed with 
high speed cinematography (64 frames/sec). The filmed material was 
examined for sequences where the position of the cat was constant 

in relation to the treadmill cage (indicating that the cat walked 
exactly at the speed of the treadmill belt). Such sequences were 
analyzed frame by frame for joint angle excursions of the left 
hindlimb. Since some slippage of the skin over bony landmarks during 
locomotion is unavoidable, it was usually found more reliable to 
measure the joint angles by drawing tangent lines on the body surface 
rather than to use the painted dots on the skin. Hence, the hip 
angle was measured as the angle between the line tangent to the 
lower back of the cat and the line tangent to the frontal surface 

gf the thigh. Simi larly..the knee and ankieoangies were measured 

by drawing lines tangent to the frontal surface of the thigh and 


tha shank and to the dorsal surface of the shank and the foot 
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respectively. This method yields very reproducible results as long 
as care is taken to keep the contact points of the tangent lines 
constant from frame to frame. 

When studying the joint excursions during the stepping 
movements, it became obvious that the hip behaved in a very peculiar 
way during forced crouch. In contrast to the knee and ankle, which 
were always held more flexed during the step cycle of the forced 
crouch than during the normal step cycle, the hip was held less 
flexed during most of the same period. At the end of the stance 
phase of the "crouch" step cycle the hip was extended up to 30° 
more than normal while the hip position at the beginning of the 
stance phase was the same in the "crouch" and the "normal" situation 
(Fig. 34). Such hyperextensions of the hip at the end of the stance 
phase were a constant finding for crouching under a 20 cm high 
ceiling but were less obvious when the crouching was less pronounced 
due to higher ceilings. 

Inspection of the evolution of the excursions at the 
other joints (knee, ankle) also revealed some interesting findings. 
Fig. 35 compares the joint angles of the hip, knee and ankle for 
cats walking normally and in a crouched position. The durations of 
the step cycle, swing and stance phase were the same whether or not 
the cats assumed a crouching position. However, the joint excursions 
made within these periods of constant duration were markedly 
different for the two experimental situations. The onset of the 
first extension phase, as judged from the first increase in JOINT 


angle, was clearly delayed for the knee joint and even more so for 
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Changes in the position of the left hindlimb at the 
beginning and ending of the stance phase when the cat 

was forced to crouch (full lines) or walked normally 
(dashed lines) on a treadmill. Speed of belt: 1.25 
m/sec. Drawing was made by taking the first and last 
frame of foot contact during the stance and superimposing 
those frames for four subsequent step cycles. Note the 
hyperextension of the hip at the end of the stance phase 


when the animal was crouching. 
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Comparison of joint angle excursions of a cat which 
either walked normally on a treadmill (open circles) 
or was forced to crouch under a ceiling placed 13 cm 
above the treadmill belt (closed circles). Two 
representative step cycles of the same duration were 
chosen for comparison. Speed of belt: 1.25 m/sec. 
Onset of swing and stance indicated by downward and 
upward arrows respectively. 
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the ankle joint when the animals were forced to crouch. The inter- 
limb coordination in the crouch situation was characterized by a 
shorter time interval between the onset of the first extension phase 
at the knee of the hindlimb and the moment of forelimb lift-off 
(34 msec versus 64 msec with S.D. of 9 and 19 respectively, N=20). 
Similar results were obtained by Wetzel et az. (1975) when describing 
the kinematic differences between cats stepping on a treadmill and 
cats walking over ground. In cats walking on a treadmill 67% of 
the duration of the swing phase was occupied by flexion while this 
was only 46% for the cats walking over ground, the total duration of 
the swing phase being identical for the two situations. In addition, 
they found that on the treadmill the knee began to extend some 27 - 
41 msec before the ankle at the transition from flexion to extension 
during the swing phase. Interlimb coordination was also affected 
Since the interval between the onset of extension during the swing 
phase of the hindlimb and onset of flexion at the beginning of the 
swing phase in the forelimb was smaller for cats walking on a treadmill. 
Wetzel et aZ. (1975) attributed these differences to the more crouched 
position maintained by their cats during treadmill] locomotion. The 
crouching was thought to be due to their training method based on 
avoidance of air jets although a minimal amount of crouching was 
observed even when positive reinforcement was used. 

In summary , a comparison of joint angle excursions in cats 
walking on a treadmill with adjustable ceiling revealed that a 
crouching posture can account for some of the changes previously 


observed when treadmill] walking was compared to overground walking, 
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thus confirming the hypothesis of Wetzel et al. (1975). The 
additional finding that hip extension at the end of stance can be 
some 30° larger during walking in a crouching posture casts some 
doubt on the concept that a threshold extension at the hip is used 


as a trigger signal for the initiation of the swing phase. 


B. Loading 

The same cats used in the crouch experiments were filmed 
in an upright position but with a load of 500 grams (Pb) on their 
back. As seen in Fig. 36, this had little effect on the position 
of the hip at the beginning and at the end of the stance phase. The 
main changes observed were in the knee and ankle joints, which were 
held more flexed than normal. 

Loading of the cats had also no effect on the duration of 
the step cycle, as was also observed when mesencephalic cats were 
loaded with 500 grams. These findings are in agreement with Orlovsky 
et al. (1966), who found that normal dogs pulling a load or walking 


uphill on a treadmill show no appreciable change in step cycle duration. 


4.2.3 Hip joint denervation 


To evaluate the contribution of hip joint afferents to the 
execution of walking movements, a bilateral hip joint denervation 
was done ina cat which was previously trained for treadmill locomotion. 
The hip joint of the cat is supplied by three nerves, which Dee (1969) 
designated as the medial articular nerve, the nerve to the ligamentum 


capitis femoris and the posterior articular nerve. These nerves join 
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Fig. 36. Differences in the position of the left hindlimb at the 
beginning and ending of the stance phase when the cat 
was loaded with 500 grams on its back (dashed lines) 
or when walking normally (full lines). Superposition 
of four frames for each limb position. Right hindlimb 
not shown. Note the more crouching posture when the 


animal was loaded. 
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muscle nerves supplying the adductor muscles, the pectineus, the 
obturator externus and the quadratus femoris. Denervation of the 
hip joint could only be achieved by denervating these muscles as 
well. As expected, the cat lost most of its adduction capabilities 
post-operatively and this made it impossible for the cat to walk, 
especially when put on a slippery surface. However, the ataxia 
gradually disappeared and on the third day following the operation 
the cat was already able to walk without ahy noticeable deficit. 
However, the cat had great difficulty in walking when it was forced 
to do so in a crouching position due to an artificial ceiling over 
the treadmill. When crouching, the hindlimbs frequently yielded 
excessively at the end of the stance phase. This deficit may be 
attributed to denervation of either the hip joint or the adductor 
MUSCLESROPe DOH, 

The observation that bilateral hip denervation does not 
produce major deficits in the pattern of locomotion under normal 
circumstances indicates that joint afferents from the hip are not 
indispensable for normal locomotion. Further support for this 
conclusion is provided by the observation that patients with total 
hip replacement can walk normally. In fact, such patients even 
retain the ability to detect hip joint position (Grigg et al., 1973). 
Nowdescriptions.of gait deficits after hip joint deafferentation in 


the cat are available to our knowledge. 


4.3 Dtscusston 


The present data on the raised mesencephalic cats and on 
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the crouching normal cats do not provide positive or negative 
evidence for the idea of the "hip afferent signal" but they do 
provide some arguments against the idea that the initiation of the 
swing phase is always reflexly triggered when the hip reaches a 
"threshold" angle. Clearly, one has to be very cautious when 
defining a particular feature of the step cycle as a "standard" 
feature. Most kinematic studies are done under standardized 
conditions and it is thus not surprising that "standard" features 
are discovered. A good example is the constancy of the swing 
phase duration. Although it is true that animals walking over 
even surfaces at different speeds tend to have a standart duration 
swing phase, this does not imply that the swing phase is always 
constant under all circumstances (for examples see Chapter 2). 

The same is true for the standard hip angle at the end of stance. 
It would be a great disadvantage for any animal if it had to rely 
on a particular joint angle excursion for the initiation of the 
swing phase since this would imply a dramatic limitation in the 
flexibility of its locomotory behavior. Rather, one would expect 
fe such important decisions as the ending of the support phase 
would be determined by a number of factors related to skin, muscle 


and joint afferents from different sources as was amply discussed in 


previous chapters. 
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CHAPTER 5. FUTURE WORK 


From the previous chapters it is clear that we are only 
starting to understand the role of afferents in walking. In this 
chapter a few areas will be outlined in which future work is 


needed to further clarify issues raised in the course of this thesis. 


9.1 Identification of the flexor half-center 

The hypothesis that different groups of cutaneous afferents 
make different types of connections with the flexor half-center needs 
further exploration using intracellular techniques. Perhaps the 
first step should be the identification of the half-center itself. 

In the acute spinal cat treated with DOPA or Clonidine, the flexor 
half-center probably corresponds to a group of interneurons 
responsible for the generation of long-latency, long-lasting dis- 
charges in the ipsilateral flexor motoneurons after stimulation of 
the sural nerve (Jankowska et al., 1967a, b). Similarly, such late 
flexor discharges can be evoked in the mesencephalic cat after 
Bey ceer stimulation (Grillner and Shik, 1973). 

The appearance of the late flexor discharge is thus closely 
linked to the activation of the spinal centers for locomotion and 
one would expect therefore to find such late discharges also in the 
premammillary cat showing spontaneous locomotion. Preliminary data 
presented in Fig. 37 show that such late discharges may indeed be 
found in the premammillary cat. In one experiment, sural nerve 


stimulation yielded a small reflex contraction of the triceps surae 
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Fig. 3/7. Forelimb stepping aS a method to nelease the Jate ‘long- 
lasting triceps surae inhibition following tetanic sural 
nerve stimulation. (A) Resting premammillary cat showing 
very small reflex contraction in the ipsilateral triceps 
surae (iE = force and EMG) following sural nerve stimu- 
lation (St). (B) The appearance of rhythmic alternating 
movements in the forelimbs is correlated with the 
appearance of a long-lasting triceps surae relaxation 
when the same stimuli are applied. 
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in the resting animal (Fig. 37A) but the same stimuli applied ina 
period during which the forelimbs moved and the hindlimbs stayed 
immobilized evoked a short contraction followed by a long-lasting 
relaxation of the triceps surae. Unfortunately, no flexor EMG was 
recorded but it seems highly likely that the long extensor inhibition 
was correlated with a long flexor excitation. Nevertheless, the 
data of Fig. 37 show that it may be possible to demonstrate the 

late flexor discharge, thought to arise from the flexor half-center, 
in the spontaneously walking premammillary cat, hence providing a 
link with the data on spinal and mesencephalic cats and hence 
providing the possibility of exploring intracellularly the flexor 
half-center in the curarized premammillary cat. 

The development of such a preparation should allow one to 
follow up on the very exciting results recently obtained by Edgerton 
et al. (1976), who recorded from interneurons which are rhythmically 

active in the spinal curarized cat injected with DOPA and Nialamide. 
They found that stimulation of the ipsilateral peroneal nerve with a 
short train of 3 pulses at 20 x T could produce a rebound of activity 
in an interneuron which had its main activity together with the 
activity in ipsilateral flexor motoneurons. Since the latter inter- 
neuron may well have been part of the flexor half-center, their 
finding constitutes the first intracellular evidence for the rebound 
of the flexor half-center following peripheral nerve stimulation. 

By stimulating cutaneous nerves at different moments in the time 
course of activity of such flexor half-center interneurons, it should 


be possible to demonstrate at an intracellular level the interactions 
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between large cutaneous afferents and the flexor half-center as 


proposed in Chapter 2. 


9.2 Late reflex responses in premannillary cats 

In recent years, advances have been made in our under- 
standing of late reflexes, presumably involving the motor cortex 
(Tatton and Lee, 1975; Murphy et aZ., 1974). Long-loop reflexes, 
not involving the motor cortex, have also been explored but only 
one such reflex has been well documented, namely the spino-bulbo- 
spinal reflex (S.B.S. reflex: Shimamura et aZ., 1965), which is 
excitatory to flexors. So far there is no evidence for long-loop 
reflexes to extensors in decerebrate animals. 

However, in the present study it was noted at several 
occasions that late reflex waves could be observed in the triceps 
Surae after stimulation of the tibial or peroneal nerve in pre- 
mammillary cats. Fig. 38 shows an example of an experiment in which 
the common peroneal nerve was stimulated in a cuff electrode while 
the EMG response of the triceps surae was recorded. Two late waves 
were detected by averaging the EMG response in the triceps surae 
(N=200). Both late waves increased in amplitude when the stimulus 
Inuensity Was increased trom 2x | to 2.8 x 7. Interestingly, the 
onset of the last late wave shifted forward in time from 63 msec to 
59 msec when the stimulus intensity was increased. The origin of 
these responses in the premammillary cat is uncertain, but further 
experiments along this line (with decerebellectomy, variations in 


triceps surae stretch, selective lesions at the spinal and supra- 
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Common Peroneal N. 
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Polysynaptic late reflex responses in the triceps surae 
following stimulation of the intact common peroneal nerve. 
Each trace is the computer average of 200 unrectified 

EMG responses. Sample interval = 0.2 msec. To 
accentuate the late waves, a delay of 8 msec was intro- 
duced to eliminate the large early response, the end of 
which is just visible at the beginning of each record. 
Digital filtering allowed the averaging of subsequent 
groups of seven bins within the total of 512 bins for 
each record. Resting premammillary cat. 
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level) will undoubtedly be of great interest. 


9.3  Phasie disturbances of the gait 

A third major area for future research is for behavioral 
experiments on normal cats in order to test some of the hypotheses 
proposed in this thesis. If muscle and skin receptors do play a 
role in the regulation of the stance phase, then one should be able 
to demonstrate this in normal cats put in a situation where these 
receptors are naturally stimulated during locomotion. Such a 
situation can be created in a number of ways. One I have used is 
tO PULecats, ini da special cage and Jet them Step on a trap door 
which moves upwards following foot contact, hence introducing a 
phasic perturbation of the stance phase. Tne upward movement of 
the trapdoor was triggered by a short-circuit produced by contact 


between the copper covering of the trapdoor and the copper shoe put 


around the foot of the cat's left hindlimb. The experimenter 
could switch off the short-circuiting system activating the trap 
door so that not all foot contacts were followed by trap door 
movement. A small light indicated the moment of foot contact 

so that the delay between foot contact and upwards movement of 
the trap door could be calculated from the frame-to-frame analysis 


of the high speed cinematographic movies made of the experiments. 


The preliminary results showed that both cats reacted 
to the upwards movement of the trapdoor by hyperextension of the 


whole limb at the end of the stance phase. However, simple cinemato- 
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graphic analysis did not allow us to decide whether this was a true 
reflex reaction or simply a mechanical perturbation. Normal cats 
with implanted EMG electrodes will probably enable us to determine 
te true rerlex natlre or this response. 

Finally, gait perturbation experiments should be done on 
normal human subjects. What reflex adjustments are made when 
certain peripheral nerves are stimulated in humans walking on a 
treadmill? Preliminary experiments by Dr. Herman indicate that 
sural nerve stimulation indeed promotes extension when given during 
the stance of normal walking subjects (personal communication). 

Or what are the reflex responses of a normal subject, presented 
with an even surface on which to walk, then blind-folded and 
allowed to walk over the same surface which now has unexpected 


elevations or holes? 
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CHAPTER 6. SUMMARY 


Afferent input is not required for the production of 
stepping movements but is essential for the adjustment of the step 
to external requirements. The way in which afferent input modulates 
stepping was investigated by introducing short- and long-term changes 
in afferent input during walking of mesencephalic, premammillary and 
normal cats and by examining the resulting changes in EMG activity 
and joint angle excursions. The effects of three types of afferents 
were studied. 

1. Skin Afferents. Cutaneous afferents arising from the 
distal hindlimb have been suspected to play an important role in 
locomotion but evidence was lacking. In the present work it was 
found that electrical stimulation of the skin of the distal hindlimb 
or of the skin afferents innervating this area increased the duration 
and/or amplitude of the EMG activity in the ankle extensors when the 
stimulation was applied during the stance phase of spontaneously 
walking premammillary cats. When applied during the flexion phase, 
the afctrndTl either prolonged or shortened the ongoing burst of activity 
in the ankle flexors, depending on the timing and intensity of the 
stimuli. Stimulation of the tibial nerve at 2.5 x threshold yielded a 
flexor burst prolongation when stimuli were applied at the beginning of 
the flexion phase. However, when applied at the end of flexion the 
same stimuli caused a flexor burst shortening and a premature onset of 


extension. Stronger stimuli given during the flexion phase evoked a 
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flexor burst prolongation regardless of the time of stimulus application. 
Very strong shocks, inducing a flexor reflex, evoked a bilateral 
resetting of the rhythm except if stimulation was applied just prior to 
or at the beginning of the ipsilateral flexion phase. 

In normal cats, only moderate stimulation was used on the 
tibial, peroneal and sural nerves. Low threshold stimulation during 
the stance increased the ongoing extensor activity in the ankle 
extensors. When applied during the flexion phase, the stimuli caused 
a prolongation of the flexion or, more rarely, a shortening. 

The results were interpreted in function of reflex actions 
of large and small cutaneous afferents. Activity in large afferents, 
presumably arising from mechanoreceptors in the distal hindlimb, may 
assist the animal in supporting itself by causing increased extensor 
activity during stance. Activity in the large cutaneous afferents 
at the end of the flexion phase may cause a premature onset of 
extension so that the limb is ready to take up the support of the body 
if the foot touches an unexpected elevation at the end of the flexion 
phase. On the other hand, activity in smaller afferents, related to 
the dotbetion of noxious stimuli, may cause a shortening or temporary 
interruption of extension during stance. During flexion the same 
noxious stimuli may cause a prolongation of the flexion phase so that 
jn all cases contact with the noxious stimuli is avoided. 

2. Muscle Afferents. Extensor muscle receptors are active 
during locomotion but little is known about their role in the regulation 
of the step cycle. In this study it was found that the rhythmic 


contractions of the ankle flexors and extensors in the fixed hind] imb 
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of premammillary cats can be made to disappear by stretching the ankle 
extensors in the fixed hindlimb or by making the triceps surae to 
contract by ventral root stimulation or by triceps surae vibration. A 
second method for blocking the rhythm selectively in a Single limb 
consisted of leaving the left limb free except for the ankle joint 
which was clamped in a flexed position. In all cases the rhythmic 
flexor burst was seen to disappear in an all-or-none fashion. In 
addition, it was found that short periods of vibration of the triceps 
surae could lead to a delay in the onset of the flexor burst. It is 
Suggested that unloading of the ankle extensors is required for the 
release of activity in the central system involved in the generation 
of the flexion phase in walking. 

3. Joint Afferents. Afferents from the hip joint may 
Signal when the hip passes through a "threshold extension" at the end 
of stance and this signal may reflexly trigger the flexion phase. 
Evidence against this idea of "threshold extension trigger" was 
obtained when normal cats were filmed while forced to crouch on a 
treadmill. Hip extension at the end of stance could be up to 30° 
larger than under normal circumstances, indicating that the initiation 
of the flexion phase in normal cats is not always related to a standard 
hip extension. Furthermore, hip joint afferents were shown not to be 
essential for walking since bilateral denervation of the hip joint did 
not produce permanent gait deficits. 

It was concluded that the transition from flexion to extension 
and from extension to flexion is profoundly affected by afferent input 


from exteroceptive and proprioceptive sources although the spinal cord 
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itself can produce such switching in the absence of sensory feedback. 

Furthermore, reflex actions from these afferent sources may reinforce 

the ongoing activity either through "private" pathways to motoneurones 
or through pathways to interneuronal half-centers, involved in the 


generation of generalized flexion or extension in individual limbs. 
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